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Abstract

Atmospheric aerosols play an important role in the global climate system. Through their

physicochemical properties, they contribute in various ways to climate change and radiative

forcing. Those properties can be considerably changed by processing the aerosols, which

is especially signi�cant for organic aerosols processed with atmospheric trace gases like

halogens released through sea-salt activation or from other sources.

Based on aerosol smog-chamber experiments, the formation of secondary organic aerosols

(SOA) from predominantly aliphatic (α-pinene) or aromatic (catechol and guaiacol) pre-

cursors and the processing of those model SOAs with simulated molecular and naturally

released halogens were studied.

Di�erent physicochemical methods were used to study the transformation of those or-

ganic aerosols. Infrared and UV/VIS spectroscopy allowed the determination of functional

and structural changes during aerosol formation and processing. Using electron microscopy

and measurement of the particle size distribution, the formation of the morphology and

geometry of the particles was investigated. Temperature-programmed pyrolysis mass spec-

troscopy and ultra-high-resolution mass spectroscopy delivered detailed information on

functional groups, extent of halogenation, and the macromolecular structure.

Organic aerosols are signi�cantly in�uenced by atmospheric halogens. Halogen species

from di�erent sources change the aerosol size distribution, the presence of functional groups,

and the optical properties. Furthermore, they even form halogenated species in the solid

phase of the organic aerosol.
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Zusammenfassung

Atmosphärische Aerosole spielen eine bedeutende Rolle im Klimasystem. Sie tragen auf

Grund ihrer physikalisch-chemischen Eigenschaften in unterschiedlicher Weise zum Kli-

mawandel und zum Strahlungshaushalt bei. Diese Eigenschaften ändern sich, wenn Aero-

sole (besonders organische Aerosole) mit Gasphasen-Spezies (z.B. Halogene, die aus See-

salzaerosol oder anderen Quellen freigesetzt werden) reagieren.

Basierend auf Aerosolkammerexperimenten wurden die Bildung und die Reaktionen

von sekundären organischen Aerosolen (SOA) aus überwiegend aliphatischen (α-Pinen)

oder aromatischen (Brenzkatechin und Guajakol) Vorläufersubstanzen mit natürlich frei-

gesetzten molekularen Halogenen untersucht.

Verschiedene physikalisch-chemische Methoden wurden eingesetzt, um die Bildung und

Umsetzung zu studieren. Infrarotspektroskopie und optische Spektroskopie ermöglichen

die Untersuchung der funktionellen Gruppen und strukturellen Elemente während der

Aerosolbildungs- und -reaktionsprozesse. Elektronenmikroskopie und die Messung der

Aerosolgröÿenverteilung liefern morphologische und geometrische Informationen über die

Partikel. Temperaturprogrammierte Pyrolyse mit Massenspektrometrie sowie ultrahoch-

au�ösende Massenspektrometrie erlauben Aussagen über funktionelle Gruppen, den Zu-

stand der Halogenierung sowie die makromolekulare Struktur.

Organische Aerosole werden durch atmosphärische Halogene stark beein�usst. Halogene

aus unterschiedlichen Quellen verändern die Gröÿenverteilung, die funktionellen Gruppen

und die optischen Eigenschaften. Halogenierte Substanzen werden dabei auch in der Par-

tikelphase gebildet.
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1. Introduction

1.1. Atmospheric aerosols - general overview

"Whereas an aerosol is technically de�ned as a suspension of �ne solid or liquid particles

in a gas, common usage refers to the aerosol as the particulate component only." (Seinfeld

and Pandis, 2006)

While public discussion about atmospheric science was dominated by terms like "LA

smog" and "ozone hole" for a long time, atmospheric aerosols attracted attention at last,

when the Intergovernmental Panel on Climate Change released the 4th assessment report.

Forster et al. (2007) summarized the in�uence of atmospheric aerosols on radiative forcing

and concluded that a high uncertainty remains, while the earlier 3rd report (Ramaswamy

et al., 2001) revealed an even lower comprehension of the impact of atmospheric aerosols

on climate change and radiative forcing.

This is also indicated by the available textbooks on atmospheric science. Standard works

like "Atmospheric Chemistry and Physics" by Seinfeld and Pandis (2006) and "Chemistry

of the Upper and Lower Atmosphere" by Finlayson-Pitts and Pitts (2000) are mainly

focused on homogeneous chemistry of the gas phase. Atmospheric aerosols are mentioned

in the context of physical particle properties, like aerosol size distributions and particle

dynamics, thermodynamics, chemical composition and nucleation. While some aspects

of formation of secondary organic aerosols (SOA) are well known and widely published,

heterogeneous reactions of gas-phase molecules with surfaces of the particulate matter of

atmospheric aerosols are hardly reported.
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1. Introduction

This gap in detailed knowledge could be explained by the large diversity of interactions

with the atmospheric environment those particles might take part in. Aerosols have direct

e�ects on the climate system, e.g. through interaction with solar radiation or release

of greenhouse-gases during their formation process. Also indirect e�ects are described,

e.g. their ability to act as cloud condensation nuclei (CCN) or ice nuclei (IN) as well as

absorbers of atmospheric trace gases and water vapor (Seinfeld and Pandis, 2006).

Those interactions are quite variable, depending on the kind of aerosol. The chemical

composition varies from primary dust or salt particles to heterogeneously formed inor-

ganic molecular clusters and macromolecular organic particles with complex structure (see

e.g. Andreae and Crutzen (1997), Pöschl (2005), Schnelle-Kreis et al. (2007)). Based on

their source and chemical composition, aerosols are characterized as primary/secondary

organic/inorganic aerosols (P/S O/I Aerosol). One major primary aerosol is the marine

aerosol, consisting of sea-salt particles ejected by sea spray. The class of secondary parti-

cles is dominated by organic aerosols formed from terpenes and anthropogenic emissions

(Schnelle-Kreis et al., 2007).

The diversity of interactions and the vast variety of aerosols require a large pool of an-

alytical methods and experimental setups, as summarized in the literature (e.g. Nieÿner

(1991), Finlayson-Pitts and Pitts (2000), Zellner et al. (2009)). Experimental setups range

from Knudsen cells to �ow reactors and aerosol smog chambers. Those di�erent labora-

tory setups are described in detail by Grothe (2010). While the basic physicochemical

experiments, using a well de�ned setup, give access to single kinetic or thermodynamical

parameters, aerosol smog chambers exhibit the most realistic but also most complex setup

for studying aerosol chemistry (Brauers and Wiesen, 2007).

The interaction of atmospheric aerosols with atmospheric trace gases or industrial pro-

cess gases has only been studied by few research groups. Primary organic aerosols were

examined with respect to automotive exhaust emissions to develop post-processing meth-

ods for soot particles (Ofner, 2006; Ofner and Grothe, 2007; Muckenhuber and Grothe,

2004, 2006, 2007). SOA formation and post-processing in�uenced by NOx species was

2



1.2. Secondary organic aerosols (SOA) in the atmosphere

studied by Yu et al. (2008). George and Abbatt (2010) reviewed the heterogeneous pro-

cessing of organic and inorganic aerosols with hydroxyl radicals. A detailed review by

Finlayson-Pitts (2009) of some known surface reactions, also explaining the chemistry at

the sea salt aerosol interface, is only one example of the available literature.

The large �eld of atmospheric aerosols with its various implications on the atmospheric

environment and climate needs a large variety of experimental methods for the charac-

terization of chemical formation and transformation processes. While some aspects of

atmospheric aerosol, like their formation processes, are common research topics, others,

like the heterogeneous processing of aerosol particles with atmospheric trace gases, were

hardly looked at up to now. This thesis summarizes the investigation of the processing

of some well-de�ned organic model aerosols with halogen species which are released from

sea-salt aerosol or brine. Several important aerosol characteristics, like the evolution and

transformation of the aerosol size distribution, the morphology, the functional and struc-

tural changes, the optical properties and the chemical composition, were monitored and

discussed in detail. The following sections will introduce organic model aerosols (section

1.2) and halogen release mechanisms (section 1.5). The experimental setups and meth-

ods used as well as the development of new methods for aerosol research are described in

chapter 2. Formation procedures and characterization of the organic model aerosols can

be found in chapter 3. To study single reaction steps and the in�uence of halogens on

the organic aerosol, molecular processing of those aerosols with chlorine and bromine was

investigated (see chapter 4). The results allowed to interpret the interaction of organic

aerosols with halogens released from simulated natural sources (Chapter 5).

1.2. Secondary organic aerosols (SOA) in the atmosphere

Organic aerosols contribute signi�cantly to the overall aerosol budget. Primary organic

aerosol emissions from biomass burning, combustion engines, and even biogenic sources

play an important role. Lary et al. (1999) summarized chemical functional features of

3



1. Introduction

carbonaceous aerosols, like soot, and their surface properties. However, this work is focused

on aliphatic or aromatic SOA where particle formation takes place in the free troposphere

from oxidized volatile organics.

Andreae and Crutzen (1997) estimated annual mass �uxes of 30�270 Tg y−1 by tropo-

spheric oxidation of biogenic and anthropogenic volatile organic compounds. Contributions

to the �ne fraction of organic aerosol between 20�50 % at mid-latitudes and up to 90 %

in tropical forested areas are reported by Kanakidou et al. (2005). Biogenic secondary

organic carbon (BSOC, e.g. from biogenic terpenes) �uxes are estimated to be approx-

imately 88 Tg C y−1 (Hallquist et al., 2009). α-Pinene contributes up to 58 % to the

overall monoterpene budget (Kanakidou et al., 2005). With respect to aromatic SOA pre-

cursors, Kanakidou et al. (2005) report anthropogenic emissions of 6.7 Tg y−1 toluene,

4.5 Tg y−1 xylene, 0.8 Tg y−1 trimethylbenzene, and 3.8 Tg y−1 of other aromatic com-

pounds. Total biogenic SOA �uxes of 12�70 Tg y−1 from bottom-up estimates are reported

by Hallquist et al. (2009). Fluxes of 17 Tg C y−1 for SOA from biomass burning and 10

Tg C y−1 for SOA from anthropogenic sources are reported based on a top-down approach

(Hallquist et al., 2009).

The formation of aerosol from volatile organic precursors by oxidation is the established

nucleation process (Seinfeld and Pandis, 2006). The term homogeneous nucleation denotes

particle formation from supersaturated vapors without seed particles. The nucleation

process of an organic aerosol is a very complex mechanism, implying multiple condensation,

reaction, and desorption steps of the organic precursor and its oxidized derivative (Kroll

and Seinfeld, 2008). The complex transformations are shown in �gure 1.1, which has been

adapted from Kroll and Seinfeld (2008). The multiple oxidation steps in the gas and

particle phase lead to compounds of very low volatility. The overall oxidation ends up in

simple carbon-containing molecules like CO2 or CO.

Apart from the oxidation of the precursor and the resulting intermediates, gas-particle

partitioning takes place (Hallquist et al., 2009). While gas-particle partitioning models

assume a liquid state of the SOA particles (Hallquist et al., 2009; Jimenez et al., 2009),

4



1.2. Secondary organic aerosols (SOA) in the atmosphere

Figure 1.1.: Current understanding of the oxidation steps (gas phase: ox.g; particle phase:
ox.p) starting from a SOA precursor (VOC) leading to low-volatile compounds
in the gas phase (Pg), partitioning to the particle phase (Pp) and �nally re-
leasing simple gaseous molecules (G) like CO2 or CO. Adapted from Kroll
and Seinfeld (2008).

latest research revealed the possibility of an amorphous or solid state at ambient conditions

(Virtanen et al., 2010). The numerous interactions between gas molecules and emerging

particles in the course of the nucleations makes it necessary to use the technical de�ni-

tion of an aerosol (see Seinfeld and Pandis (2006)), especially for aerosol smog-chamber

experiments, where the gas phase cannot be separated from the particles.

Beside their complex formation process, organic aerosols exhibit the formation of oligo-

meric structures as well as photochemical aging and reactivity towards atmospheric trace

gases. Based on their Te�on chamber experiments Gao et al. (2004b) concluded, that

oligomers might be widely present in atmospheric organic aerosol. Oligomers seem to

be formed through acid- or base-catalyzed heterogeneous reactions. Heaton et al. (2007)

found dimers and higher-molecular-weight oligomers in laboratory-generated SOA from

monoterpenes, and linked them to atmospheric humic-like substances (HULIS) (see section

1.3). Kalberer et al. (2004) report that 50 % of SOA from aromatic oxidation is composed

of polymers. Two precursor types, the terpenes and the aromatics, seem to form oligomers

and thus be related to HULIS.

5



1. Introduction

1.2.1. SOA from terpene-type precursors

A large variety of di�erent biogenic emitted terpenes are reported (Seinfeld and Pandis,

2006; Steinbrecher and Koppmann, 2007). All these terpenes are based on the structural

element of isoprene, forming e.g. α- and β-pinene, ∆3-carene, sabinene, limonene and

p-cymene.

Figure 1.2.: The terpene precursor isoprene (a) and the monoterpenes (-)-α-pinene (b)
and (+)-α-pinene (c). The racemate of those two structural isomers, called
α-pinene, is widely used as model compound in laboratory experiments for
SOA research.

As mentioned above, a very important monoterpene is α-pinene (see �gure 1.2). This

bi-cyclic terpenoid has been characterized in detail, e.g. the vibrational spectrum is well

known and nearly completely unraveled (Wilson, 1976). The reactivity towards oxidizing

atmospheric trace gases has been studied in several aerosol smog-chamber studies (e.g.

Nolting et al. (1988)). A suggestion for the rate constant of the reaction with ozone of

8.52 × 10−17 cm3 s−1 (Atkinson, 1994) at room temperature has been based on values of

8.2 × 10−17 (Nolting et al., 1988) and 9.71 × 10−17 cm3 s−1 (Atkinson, 1994). Since OH

radicals are released in the early steps of the reaction even in the absence of NOx (Nolting

and Zetzsch, 1989), OH yields from α-pinene ozonolysis ranging from 68 % (Berndt et al.,

2003) to 91 % (Siese et al., 2001), independent of the presence of H2O, have been reported

for this process. The transformation pathways of this model substance have been well

characterized by many authors, and various gaseous intermediates, such as pinonaldehyde,

pinene oxide, norpinaldehyde and 4-oxopinonaldehyde, have been summarized in a recent

6



1.2. Secondary organic aerosols (SOA) in the atmosphere

overview (Yu et al., 2008), although the reported yields of pinonaldehyde span a range of

3�53 % in the O3-reaction and 6�87 % in the OH reaction.

Based on the gas-phase kinetics of the reaction of the monoterpenoid precursor with

atmospheric oxidizing trace gases, the potential and yields of particle formation were stud-

ied using stopped-�ow systems or aerosol smog chambers (e.g. Berndt et al. (2003); Yu

et al. (2008)). Jonsson et al. (2007) studied the change of volatility during the aerosol

formation process. Time-resolved infrared spectroscopy was used by Sax et al. (2005) to

study the change of chemical functionality during and after the aerosol formation process.

They report that the chemical composition of the aerosol continues to change even after

the particle formation process has �nished. Further, a detailed analysis of the resulting

SOA particle infrared spectrum was performed by Sax et al. (2005), identifying several

oxygen-containing functional groups. Based on these studies, a detailed picture of the

α-pinene oxidation process is presented by Berndt et al. (2003) and Yu et al. (2008). It is

widely accepted that the ozone oxidation of a double bond forms a primary ozonide which

rearranges to an exited Criegee intermediate (Atkinson, 1997). This Criegee intermediate

replaces the carbon-carbon double bond by an ether- and a peroxo-group. However, the

formation of this intermediate seems to be less important for the α-pinene oxidation and

SOA formation (Berndt et al., 2003).

When α-pinene was established as a useful precursor for laboratory studies on SOA

formation and processing, this model aerosol was used to investigate its properties and

its reactivity towards the atmospheric environment. Iinuma et al. (2009) studied the for-

mation of organosulfates, using oxidized species of α-pinene on the surface of a wet seed

aerosol. The temperature- and humidity-dependent aerosol formation from this monoter-

pene precursor was investigated by Jonsson et al. (2008). Juranyi et al. (2009) underlined

the importance of gas-to-particle partitioning of SOA from α-pinene on the hygroscopicity

and the droplet activation behavior of this aerosol. As already mentioned, the investiga-

tion of the oligomeric compound formation is very important in SOA research and thus,

α-pinene SOA was used to study the formation processes. Oligomers with a molecular

7



1. Introduction

weight above 250 Daltons were found by Gao et al. (2004a) and were associated with seed

aerosol acidity. The importance of particle acidity for the formation oligomeric compounds

was underlined by Gao et al. (2004b) and Iinuma et al. (2004).

Other terpenes, like limonene, ∆3-carene and even isoprene were also used to characterize

SOA formation pathways, oligomer formation, temperature dependence, and multiphase

chemistry. Pan et al. (2009) demonstrated the reactivity of organic peroxides with +RO2

groups or HO2 in SOA from limonene precursor as the dominant route to photochemically

active species. Maksymiuk et al. (2009) describe ring-opening reactions and the formation

of a Criegee intermediate for the oxidation of limonene. The sabinene-OH reaction was

studied by Carrasco et al. (2006). ∆3-carene was used in addition to α-pinene to study e.g.

oligomer formation (Heaton et al., 2007) or temperature- and humidity-dependence of the

SOA formation (Jonsson et al., 2008). Latest research focused on isoprene, the most simple

terpene. In contrast to Pandis et al. (1991), Claeys et al. (2004) found a strong contribution

of isoprene to SOA in the Amazonian rain forest. Kiendler-Scharr et al. (2009) report an

inhibition of new particle formation by the high reactivity of isoprene with OH radicals.

Paulot et al. (2009) report epoxide formation during the photo-oxidation of isoprene.

Based on the amount of available studies and the widespread acceptance of this model,

α-pinene was chosen as precursor for a terpenoid-based SOA in the present study. As

mentioned below in detail, SOA from α-pinene was formed by homogeneous nucleation,

aged to achieve a stable chemical state, and characterized with regard to its physicochemical

properties relevant for this study.

1.2.2. SOA from other precursors

Apart from terpenes, especially aromatic and ole�nic compounds became very important

as precursors to study the formation of SOA. Many investigations focus on the atmo-

spheric oxidation of aromatic compounds (e.g. Becker and Klein (1987); Lay and Bozzelli

(1996)). An overview of the tropospheric oxidation of aromatic compounds is given by

Seinfeld and Pandis (2006). McDow et al. (1994) analyzed the decomposition of polycyclic
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1.2. Secondary organic aerosols (SOA) in the atmosphere

aromatic hydrocarbons and located them as coatings on combustion-derived atmospheric

particles. Forstner et al. (1997) studied the formation of SOA from toluene- and xylene-

type precursors and discussed ring-opening mechanisms based on reactions with hydroxyl

radicals. Johnson et al. (2005) simulated the formation of SOA from the photo-oxidation

of aromatic hydrocarbons and concluded that there still is a lack of knowledge regarding

the mechanisms underlying the formation of SOA in these systems. Benzene, p-xylene,

and 1,3,5-trimethylbenzene were used to simulate SOA formation by the Master Chemical

Mechanism (MCM) (Johnson et al., 2005). These results were compared to aerosol smog-

chamber runs at the EUPHORE aerosol smog chamber in Valencia/Spain. Experiments

with SOA from 1,3,5-trimethylbenzene indicated oligomer formation with high molecu-

lar weights (up to 1000 Da) (Baltensperger et al., 2005). SOA formation from m-xylene,

toluene, and benzene under heterogeneous nucleation conditions on seed particles with

varying acidity was studied by Ng et al. (2007). They state that a detailed analysis of

the chemical composition of the aromatic SOA is important for understanding the forma-

tion pathways. Studies on formation and processing of those precursors with respect to

SOA formation in the presence of NOx have been performed by Jang and Kamens (2001)

and Ng et al. (2007). Even mixtures of terpenes and aromatic hydrocarbons were used to

study SOA formation. Seinfeld et al. (2003) used a mixture of α-pinene and toluene in a

continuous-�ow chamber. O�enberg et al. (2007) used the same mixture to evaluate an

organic tracer method. Formation of airborne polymers from photo-oxidation of aromatic

precursors was reported by Kalberer et al. (2004). SOA formation pathways from aromatic

hydrocarbons like benzene, xylene, and toluene were added to a global chemical transport

model by Henze et al. (2008). They estimated benzene to be the most important species

for global aromatic SOA formation. The most important benzene-type SOA precursors

investigated in literature are summarized in �gure 1.3.

Apart from purely aromatic systems, also cycloalkenes were used with and without

admixture of terpenes to study SOA formation by Gao et al. (2004a,b), who found an
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1. Introduction

Figure 1.3.: Some benzene-type precursors and selected literature on SOA formation: (a)
benzene by Johnson et al. (2005), Baltensperger et al. (2005), Henze et al.
(2008), and Ng et al. (2007); (b) toluene by Forstner et al. (1997), Henze et al.
(2008), Ng et al. (2007), Seinfeld et al. (2003), and Jang and Kamens (2001);
(c) m-xylene and (d) p-xylene by Ng et al. (2007), Forstner et al. (1997),
Johnson et al. (2005), and Henze et al. (2008); (e) 1,3,5-trimethylbenzene by
Johnson et al. (2005) and Baltensperger et al. (2005)

indication for oligomer formation. Gao et al. (2004b) assumed an acid- or base-catalyzed

heterogeneous reaction forming those oligomers from the terpene-alkene mixtures.

Several other precursors and model aerosol surfaces were used to investigate aerosol

formation or heterogeneous processing. Vesna et al. (2009) used oleic acid aerosols to

study the heterogeneous reaction with ozone in an aerosol �ow reactor. Other organic acids

like maleic and fumaric acid aerosol particles were also used (Najera et al., 2009). The

conversion of 1,4-hydroxycarbonyls to hemiacetals and dihydrofurans on organic aerosol

particles was investigated by Lim and Ziemann (2009).

Oxidized benzenes, like phenols, o�er another class of SOA precursors. Olariu et al.

(2000) measured the rate coe�cients of the gas-phase reaction of OH with dihydroxy-

benzenes. Tomas et al. (2003) investigated the reaction of ozone with benzenediols and

state that those secondary oxidation products might be important for SOA observed in

urban areas. High oxygen-to-carbon ratios and high yields of oxalate are reported for

SOA formation from phenolic precursors (Sun et al., 2010). They report dimer formation

in aqueous-phase reactions of di�erent phenols, including guaiacol (1-hydroxy,2-methoxy-

benzene). Gas-phase chemistry and SOA formation from nitrophenols and catechol (1,2-
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1.3. Atmospheric HULIS and corresponding models

dihydroxybenzene) was studied by Bejan (2006). Recent studies on aerosol formation from

catechol (Coeur-Tourneur et al., 2009) obtained high mass yields ranging from 17�86 %

in a smog chamber in the presence of ozone with only minor in�uence of self-produced

OH, which is known from scavenger experiments to enhance the consumption of catechol

by 30 % (Tomas et al., 2003). Aerosol formation yields from catechol of 20�58 % have

been obtained in experimental runs at EUPHORE (Olariu et al., 2004). Also �rst-order

products were identi�ed during this campaign like formaldehyde, acetaldehyde, glyoxal, or

muconic acid. The rate constant for the reaction of catechol with O3 has been determined

to be 9.6 × 10−18 cm3 s−1 at 298 K, and the vicinal OH groups have been suggested as

a potential cause of the high reactivity of catechol towards ozone (Tomas et al., 2003).

Furthermore, infrared spectroscopy of the solid phase oxidation products of catechol has

been performed in the aqueous phase (Khovratovich et al., 1998). The main phenol-type

precursors mentioned above are shown in �gure 1.4.

Figure 1.4.: Some phenol-type precursors: (a) phenol; (b) catechol; (c) guaiacol

1.3. Atmospheric HULIS and corresponding models

HULIS represent a special class of organic aerosols, including macromolecular organic sub-

stances in atmosphere and rainwater (Mukai and Ambe, 1986). The current state-of-the-art

model of atmospheric HULIS is based on selected macromolecular structures with an aro-

matic or ole�nic core. These substances were found in water extracts of �lter samples

and exhibit an aromatic macromolecular structure of the organic matter. Because of their
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similarity to humic substances in soil, these aerosols were called HULIS (humic-like sub-

stances). Mukai and Ambe (1986) suggested a polycyclic structure with hydrocarbon side

chains and hydroxyl-, carbonyl-, and hydroxy-containing functional groups. While atmo-

spheric HULIS seem to be formed by rapid abiotic oxidation pathways in the atmosphere

(Graber and Rudich, 2006), appropriate aromatic or ole�nic precursors are needed to de-

scribe their formation pathways. Also Kroll and Seinfeld (2008) concluded that the high

aromatic content of HULIS might originate from oxidative and non-oxidative particle-phase

reactions of di�erent precursors including aromatics.

While terpenes are a sizable source of unsaturated aliphatic compounds, a possible source

of aromatic precursors might be open biomass burning, which was recognized as major pri-

mary source (Salma et al., 2010) - the so called biomass-burning organic aerosol (BBOA).

Another prominent component resulting from biomass-burning events as reported by these

authors are secondary HULIS, formed by photochemical reactions of volatile organic com-

pounds (VOC) followed by oligomerization in the gas phase or by heterogeneous processing

on seed aerosol particles. A detailed overview of di�erent sources and formation pathways

and corresponding studies is given by Salma et al. (2010). Stone et al. (2009) report

emissions from motor vehicles, biomass burning, and SOA as important sources of HULIS

precursors.

Since the research topic of HULIS �rst attracted attention, that special class of or-

ganic aerosols has been characterized in detail. Samburova et al. (2007) investigated the

functional groups of HULIS and concluded that carboxylic, arylic, phenolic, and aliphatic

groups contribute up to 14 % to the total mass of HULIS. Duarte et al. (2005) charac-

terized the water-soluble organic matter isolated from atmospheric aerosols using Fourier-

transformation infrared (FTIR) spectroscopy. Havers et al. (1998) described the IR spec-

trum of HULIS on airborne dust in detail and recorded UV/VIS spectra, �nding ab-

sorption even in the range of visible light. Di�erent oxidized aromatic compounds, like

benzoic acid, methoxy-benzoic acid, benzenedicarboxylic acids, and benzenetricarboxylic

acids, were identi�ed in HULIS samples by Gelencser et al. (2000), using pyrolysis-gas-
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1.3. Atmospheric HULIS and corresponding models

chromatography mass spectroscopy. Baduel et al. (2009) report π − π∗ transitions of

aromatic compounds in the UV/VIS spectra of HULIS.

Humic and fulvic acids from soil, like Suwannee River fulvic acid (SRFA), have been the

state-of-the-art model compounds for atmospheric HULIS in laboratory experiments (see

e.g. Chan and Chan (2003) and Dinar et al. (2006)). But they seem to di�er signi�cantly

from atmospheric HULIS, as reported by a detailed and critical review about the humic-

like character of atmospheric HULIS (Graber and Rudich, 2006). The main di�erences in

aromaticity, oxidation state, and macromolecular structure are caused by the fast hetero-

geneous formation pathway of HULIS by oxidation in contrast to the formation pathway

of humic substances in soils. Thus, precursors are needed as in-situ model substances to

generate SOA with HULIS qualities (Cowen and Al-Abadleh, 2009).

Gelencser et al. (2003) report the formation of light-absorbing organic matter from aro-

matic hydroxy acids with hydroxyl radicals and propose the products to be HULIS. Ho�er

et al. (2004) characterized the Fenton-reaction products of 3,5-dihydroxybenzoic acid with

OH radicals as synthetic HULIS. Baltensperger et al. (2005) studied the SOA formation

from the photo-oxidation of an anthropogenic (1,3,5-trimethylbenzene) and a biogenic (α-

pinene) precursor and concluded that oligomer formation without acidic seed particles is

one of the major sources of atmospheric HULIS. Cowen and Al-Abadleh (2009) character-

ized photodegradated tannic acid as a model for HULIS.

All these precursors with their respective molecular structures represent state-of-the-art

models featuring an aromatic core, aliphatic side chains, and oxygen-containing functional

groups. To generate an organic aerosol which allows to study the physicochemical prop-

erties and reactions of the aromatic core without any aliphatic side chains, other model

compounds are needed.

Various aromatic compounds are reported in �ne particle emissions from �replace com-

bustion by Fine et al. (2002). In their detailed table of organic compounds, guaiacol and

substituted guaiacols as well as catechol and other hydroxybenzenes can be found. The

same compounds were discussed by Hays et al. (2005) and Fine et al. (2004). Ho�er
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et al. (2006) studied the optical properties of HULIS derived from BBOA and concluded

that those HULIS could play an active role in the radiative transfer and in photochem-

ical processes. Thus, catechol and its methyl-ether derivative guaiacol (both were in-

troduced in section 1.2.2 and illustrated in �gure 1.4) could be appropriate candidates

for HULIS precursors. While catechol is used as a model compound for soils (Huber

et al., 2010), atmospheric oxidation and ring-opening processes could transform it into

aerosols with ole�nic structure, which are known from BBOA. The transformation of

catechol into humic polymers in the context of humus formation was studied by Ahn

et al. (2006). The aerosol formation from catechol has been studied very recently (Coeur-

Tourneur et al., 2009). Nieto-Gligorovski et al. (2008, 2010) studied oxidation reactions

of 4-carboxybenzophenone/catechol �lms using UV/VIS and FTIR spectroscopy. They

report a photo-sensitized oxidation of the phenolic precursor by ozone in the presence of

simulated sunlight forming products with properties similar to HULIS.

Consequently, catechol and guaiacol were chosen as precursors to study heterogeneous

reactions with the aromatic or ole�nic core of atmospheric HULIS. The aerosol originating

from those two precursors was characterized in detail using di�erent methods described in

chapter 2.

1.3.1. Organic acids and HULIS

Carboxylic groups are of special interest because of their in�uence on e.g. water activity and

surface tension (Salma and Lang, 2008). The authors highlighted the importance of organic

acids in atmospheric aerosols, especially in HULIS. Limbeck et al. (2005) report the gas-

to-particle distribution of low-molecular dicarboxylic acids with semi-volatile behavior at

two di�erent sites in Europe. Coury and Dillner (2009) found out that aldehydes/ketones,

carboxylic acids, esters/lactones, and acid anhydrides account for up to 20 % of the or-

ganic mass in their aersol samples. Fisseha et al. (2004) used 1,3,5-trimethylbenzene as

SOA precursor and determined a contribution of 20�45 % of organic acids to the overall

aerosol mass. In their HULIS samples, Stone et al. (2009) distinguished between aro-
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1.4. Aging and chemical processing of organic aerosols

matic and aliphatic carboxylic acids and allocated them to di�erent sources. Limbeck

and Puxbaum (1999) found mono- and dicarboxylic acids at three di�erent sampling sites.

The semi-volatile behaviour of low-molecular-weight dicarboxylic acids is important for

their partitioning between gas and aerosol phase (Limbeck et al., 2005). The importance

of dicarboxylic acids, ketocarboxylic acids, and dicarbonyls in the range of C2-C11 was

demonstrated by Kundu et al. (2010). Kumagai et al. (2010) found high values of dicar-

boxylic acids in �ne particles in the Kanto plain region (Japan) and correlated them with

the secondary formation of water-soluble organic carbon (WSOC) in the atmosphere. Also,

hydroxydicarboxylic acids were established as markers for SOA (Claeys et al., 2007).

Thus, carboxylic acids are strongly correlated to secondary formation pathways of atmo-

spheric HULIS, and analyzing aromatic and aliphatic carboxylic groups is very important

to characterize the chemical state of the aerosol.

1.4. Aging and chemical processing of organic aerosols

The physicochemical transformation of SOA precursors or SOA aerosol particles is not

�nished with particle formation. Chemical aging and chemical post-processing takes place

during the atmospheric lifetime of the aerosol. Baltensperger et al. (2005) found increas-

ing thermal stability of SOA samples from α-pinene and 1,3,5-trimethylbenzene during

photochemical aging. A scheme of SOA formation pathways, set up by Donahue et al.

(2006), takes chemical aging in the condensed phase into account, underlining the con-

tribution of oxidized "intermediate" VOC (IVOC) to the overall SOA formation process.

The contribution of photochemically aged IVOC and "semi-volatiles" (SVOC) to SOA,

and the resulting excess of traditionally calculated SOA formation yields was discussed by

Robinson et al. (2007). Andreae (2009) states that aging of organic aerosols from di�erent

sources eventually leads to remarkably similar properties.

An attempt at a general road map of photochemical aging was given by Jimenez et al.

(2009), when they correlated the proceeding of aging of the SOA precursor with an in-
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Figure 1.5.: 2-D plot of aerosol formation and aging; change of O/C ratio and saturation
concentration C∗ of the aerosol precursor (SOA-PC) by functionalization and
oligomerization; formation of SV- and LV-OOA in the related O/C-C∗ space.
Adapted from Jimenez et al. (2009).

creasing O/C ratio and a decreasing saturation concentration (Figure 1.5). Their 2-D

framework describes the aging of �rst-order generation products to SV-OOA (semi-volatile

oxidized organic aerosol; O/C: 0.3 to 0.6; saturation concentration: 102 to 10−1 µg m−3).

The second aging step to LV-OOA (low-volatile oxidized organic aerosol; O/C: 0.6 to 1;

saturation concentration: 10−2 to 10−5 µg m−3) is described by condensed-phase OH re-

actions. Ng et al. (2010) used factor analysis of aerosol mass spectra to follow the aging

of organic aerosols in the atmosphere. Factor f44 represents the ion 44 (CO+
2 ) and factor

f43 the ion 43 (C2H3O
+). LV-OOA exhibits high values of factor f44 and low values of

factor f43. Recently, Kroll et al. (2011) proposed to use the average carbon oxidation state

(OSC) to describe the oxidation of SOA precursors and aging of SOA particles (see �gure

1.6). The average carbon oxidation state is better suited to characterize chemical changes

resulting from oxidation than O/C ratios or factor analysis. According to equation 1.1,

the carbon oxidation state is de�ned as the negative sum of the molecular fraction of every

atomic species ni related to the number of carbon atoms nC multiplied with the state

of oxidation OSi of component i, where j is the number of every atomic species, at their
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1.4. Aging and chemical processing of organic aerosols

di�erent oxidation states except carbon. For molecules containing only carbon, oxygen,

and hydrogen, the calculation can take a simpli�ed form (equation 1.2).

OSC = −
j∑

i=1

OSi
ni
nC

(1.1)

OSC = 2
nO
nC
− nH
nC

(1.2)

Figure 1.6.: Di�erent organic aerosol types (LV-OOA, SV-OOA, BBOA, WSOC, HOA
(hydrocarbon-like organic aerosol)) and SOA precursors used in this study
(catechol, guaiacol, α-pinene) in the average carbon oxidation state (OSC)
and number of carbon atoms (nC) space. Adapted from Kroll et al. (2011).

Beside aging of organic aerosols, chemical processing with other trace gases must be taken

into account. The heterogeneous reaction of organic aerosols with nitrogen species might

be de�ned as aging. Bröske et al. (2003) studied the heterogeneous reactions of catechol-

derived aerosol with nitrogenous trace gases, especially the heterogeneous conversion of

NO2 in the presence of ozone. Rudich (2003) summarized reactive uptake experiments on

organic aerosols using O3, OH, NO2, ClONO2, NO3, and also Cl and Br as reactants.

Ishikawa et al. (1986) used di�erent derivatives of benzene, including catechol, to study the
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formation of chloroacetic acids. A detailed review on studies about heterogeneous reactions

of organics with halogen species is given in section 1.5.2.

1.5. Atmospheric halogen chemistry

Due to their capability for stratospheric ozone depletion, reactive halogen species became

a very important topic of atmospheric research. Starting with the �rst publications on

ozone destruction catalyzed by chlorine atoms(Molina and Rowland, 1974; Rowland and

Molina, 1975), this �eld of research became crucial when Farman et al. (1985) reported

a massive stratospheric ozone decrease during polar spring in Antarctica. Today, the

halogen chemistry of stratospheric ozone depletion seems to be well understood and has

been summarized by several reviews (e.g. Solomon (1999); Rowland (2006)).

The driving forces behind stratospheric ozone depletion are catalytic halogen cycles, in

which chlorine and bromine destroy ozone and are restored at the end of the cycles (Seinfeld

and Pandis, 2006). While the chlorine mixing ratio in the stratosphere is about 3400 ppt,

the bromine mixing ratio is only about 20 ppt. Nevertheless, bromine is approximately

as important as chlorine. This is caused by two e�ects: a) Br is rapidly released by its

precursor compounds and b) a major fraction of bromine exists in the highly reactive

forms of Br and BrO. Further, the formation of di�erent reservoir species like chlorine

nitrate (ClONO2) and HCl leads to temporary or permanent removal of chlorine from

this catalytic cycles. A summed up, the bromine ozone-depletion potential is about 50

times higher than the chlorine (Seinfeld and Pandis, 2006).

While the only natural source for organo-chlorine species in the stratosphere is CH3Cl

(Rowland, 2006), which supplies about 500 ppt of total chlorine (Seinfeld and Pandis,

2006), anthropogenic emissions of chloro�uorocarbon compounds like CFC-113, HCFCs,

CFC-11, CFC-12, and carbon tetrachloride complement the amount to the observed 3400

ppt of chlorine in the stratosphere. The contribution of naturally released species to the

total content in the atmosphere is larger for bromine compared with chlorine. Bromoform
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and methyl bromide amount to about 25 % of the 20 ppt bromine in the stratosphere.

Antropogenic bromine is emitted in the form of halons, like Halon-1301 and Halon-1211.

Halogens also seem to play an important role in tropospheric ozone destruction (Foster

et al., 2001). Di�erent atmospheric halogen species were monitored within the tropospheric

boundary layer using di�erential optical absorption spectroscopy (DOAS) (Platt, 2000).

Wagner et al. (2007) measured enhanced tropospheric BrO above the antarctic sea using

MAX-DOAS (multi-axis DOAS). Enami et al. (2007) discussed the contribution of bromine,

generated by iodine catalysis, to the global inorganic bromine in the troposphere. Apart

from anthropogenic sources of halogen-organics, several natural sources for halogens and

halogen-organics in the troposphere and the boundary layer were discussed. Important

sources for halogens in the troposphere are halogen release from sea-salt aerosol (Finlayson-

Pitts, 2003) and heterogeneous reactions on those aerosol surfaces (Rossi, 2003). Reaction

schemes of these processes are described in detail, e.g. by Finlayson-Pitts (2010).

1.5.1. Halogen release from sea-salt aerosol and salt pans

With an estimated �ux of about 10100 Tg y−1, sea-salt aerosol constitutes the largest of

the major aerosol classes (Gong et al., 2002). In general, sea salt consists of 55.04 wt.%

chlorine, 0.19 wt.% bromine and 7.68 wt.% SO2−
4 as well as cations of the �rst and second

group of the periodic table (Seinfeld and Pandis, 2006). On average, sea water contains

about 3.5 % of sea salt. This value varies depending on the location, especially for isolated

sites like the Dead Sea.

Sea-salt aerosol particles can be photo-activated to release gaseous halogen species.

These e�ects were observable in early smog-chamber experiments of halogen release from

NaCl (e.g. Zetzsch et al. (1988); Behnke and Zetzsch (1990); Siekmann (2008)). Therefore,

da Rosa (2003) measured equilibrium concentrations of various halogen species at di�erent

temperatures and pH values in water and salt solutions. Frinak and Abbatt (2006) report

Br2 production from the heterogeneous reaction of gas-phase OH with aqueous salt solu-

tions. The tropospheric reaction mechanisms of halogen activation di�er signi�cantly from
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those in the stratosphere (Platt and Hönninger, 2003). Von Glasow and Crutzen (2004)

summarized the complex reaction mechanisms and detailed the halogen release from dif-

ferent sources, supported by model calculations. The modeling of tropospheric halogen

chemistry allowed a detailed insight into complex reaction mechanisms (Tas et al., 2006).

The mechanisms of halogen release seem to play a major role in polar boundary-layer ozone

depletion events (Simpson et al., 2007).

Figure 1.7.: Simpli�ed scheme of the halogen-release mechanism from sea-salt surfaces (ac-
cording to Finlayson-Pitts (2010))

A simpli�ed scheme of the complex heterogeneous halogen-release mechanisms is given

in �gure 1.7. The ozone-initiated oxidation of halogen species in a quasi-liquid (only one

or a few molecular layers act as liquid layers) sea-salt-containing layer causes the release

of gaseous Br2 or, after depletion of bromide, BrCl. These species are photolyzed, and

the subsequent formation of the oxidized species BrO, ClO and their HOX successors is

accompanied by ozone depletion. HOBr can be reabsorbed by the sea-salt surface and

thus initiate another halogen-release cycle. Each molecule of HOBr is able to release two

Br atoms, which react to form two HOBr molecules. Therefore, this cycle is also called

"bromine explosion".
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Recent aerosol smog-chamber studies reveal halogen release from NaCl/NaBr salt pans

with a wet surface (Balzer et al., 2010; Bleicher et al., 2010). Using DOAS (Perner and

Platt, 1979), they report the formation of 10 ppb BrO and severe ozone depletion above

the simulated salt pan in a Te�on smog-chamber after switching on the solar simulator (see

�gure 1.8). The release mechanism of halogens from the salt pan seems to be comparable

to the mechanism of halogen release from sea-salt aerosol (Figure 1.7). Thus, tropospheric

halogen species might also be found above continental salt lakes and brines. However, the

composition of their salt layers might di�er signi�cantly from sea salt.

Figure 1.8.: Halogen release from a simulated salt pan in a Te�on smog chamber (with
kind permission of N. Balzer and J. Buxmann)

1.5.2. Halogen interaction with atmospheric gases, aerosols, and organics

.

The stratospheric halogen chemistry is limited to ozone-depleting catalytic cycles and the

formation of reservoir species. Reactive halogen species are removed from the stratosphere

by the formation of stable species, like HCl, and subsequent migration to the troposphere,

which can lead to a total removal of those halogen species from the atmosphere (Seinfeld

and Pandis, 2006). In the troposphere, halogens have more options, like reactions with

other trace gases, with aerosol particles and adsorption on droplets. However, while sources
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of reactive halogen species in the troposphere are well characterized, their sinks are hardly

known.

One possible sink is the reaction with organic matter, which is well known from water

disinfection (e.g. Gallard and von Gunten (2002); Uyguner et al. (2004)). Trihalomethane

formation from the reaction of molecular chlorine with humic substances was measured

by Uyguner et al. (2004) in water-treatment processes. The formation of chloroacetic

acids from soils, humic acids, and phenolic moieties was studied by Fahimi et al. (2003),

suggesting a Fenton reaction mechanism. The importance of hydrophobic organics with

phenolic acidity in producing high amounts of brominated organics was reported by Huang

et al. (2004). More than 40 reaction products, such as chlorinated ketones, carboxylic

acids, ketoacids, lactones, and furanones, were identi�ed from the chlorination of orcinol

(3,5-dihydroxy-toluene) (Tretyakova et al., 1994).

Rudich (2003) expects a concurrence of high concentrations of bromine and chlorine,

released from marine aerosols, with organic aerosols in marine environments. Moise and

Rudich (2001) used a low-pressure �ow reactor to study the reactive uptake of Cl and

Br by organic �lms. By using FTIR spectroscopy, they monitored an almost complete

disappearance of aliphatic C-H bonds. Furthermore, they observed no halogenated reaction

products on their surface �lms, but a formation of carboxyl groups, e.g. in carboxylic acids.

Hydrogen abstraction and an enhancement of the hydrophilic character of the surfaces

were reported (Rudich, 2003). Ishikawa et al. (1986) studied the reaction of chlorine and

bromine with humic substances and found a post-bromination of chlorinated compounds.

They concluded that bromine is more reactive towards humic substances than chlorine.

Smoydzin and von Glasow (2007) discussed the in�uence of organic surface �lms on the

halogen release from sea salt aerosols. The amount of gas-phase bromine and chlorine de-

creased in the presence of an organic monolayer on sea-salt aerosols. Their results suggest

that the chlorine release mechanism is more a�ected by the organics than by the bromine.

A box-model approach was used by Toyota et al. (2004) to study the photochemical inter-

action between VOC and reactive halogens. While hydrogen abstraction is the dominant
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path for reactions of chlorine with alkenes, reactions of bromine with alkanes are dominated

by addition, leading to brominated alkyl-peroxy radicals.

Small organo-halogens formed by haloform-type reactions were observed by Carpenter

et al. (2005). Boyce and Hornig (1983) report the reaction pathways of trihalomethane

formation by halogenation of dihydroxy-aromatic compounds acting as models for humic

acids. The authors proposed an abiotic formation pathway via reaction of HOX with

organic material on the quasi-liquid layer above the sea ice/snow pack. Kopetzky and

Palm (2006) reported the formation of halogenated methanes and acetones by halogenation

of humic acids in saline solutions. Bromoform, bromoacetones, and trihalomethanes are

reported after ozonization of saline solutions containing signi�cant amounts of humic acids

(Sörgel, 2007). Caregnato et al. (2007) used �ash-photolysis experiments to study the

reactions of chlorine radicals with humic acids and reported rate constants up to (3± 2)×

1010 mol−1 s−1. They suggested that these high values could result from the interaction

of Cl ·−2 with carboxylic acid groups of the humic acids.

While the atmospheric chemistry community takes close interest in heterogeneous pro-

cessing reactions of atmospheric aerosols, (George and Abbatt, 2010), less e�ort has been fo-

cused on halogenated particulate matter or organic aerosols. Only a few �eld-measurement

campaigns were reported. Rahn et al. (1979) measured halogen-containing particles as pol-

lutants in New York, where Br is the most important halogen. Halogenated aerosols were

reported by Mosher et al. (1993) and related to the photochemical aerosol production from

biogenic organo-halogens. Cl-dominated particulate matter from anthropogenic sources,

like pesticides, was measured by Xu et al. (2005) at a downtown site in Beijing. Holzinger

et al. (2010) found halogenated compounds in organic aerosols at the Sonnblick observatory

(Austria), but were not able to identify them.
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1.6. Scope of this work

The aim of this study is to investigate heterogeneous interactions of halogens released

from natural sources with di�erent types of organic aerosols. A simple interaction scheme

is given in �gure 1.9.

Figure 1.9.: Possible formation of halogenated SOA or BBOA (halo-SOA/BBOA), sec-
ondary halogen-organic aerosol (XOA), and halogenated organic gaseous
species (VOX) by interaction of reactive halogen species released from salt
lakes or sea-salt aerosol with SOA, BBOA, or their respective organic precur-
sors (SOA-pc, BBOA-pc).

Several locations exist, where those interactions can be expected. Two examples are

given in �gure 1.10: a salt lake in West Australia, surrounded by possibly terpene-emitting

biomass and in�uenced by biomass burning, and a coastline in Croatia, where terpene

emissions occur in the vicinity of sea-spray aerosol.

Molecular halogens and simulated natural sources of halogens (salt pan and sea-salt

aerosol) were used to study those interactions on a laboratory scale. The formation

and transformation of di�erent organic aerosols and gaseous species reacting with halo-

gen species were monitored.

While the analysis of single compounds of the organic aerosols is futile because of the

large amount of di�erent compounds, spectroscopic methods were used to monitor physic-
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1.6. Scope of this work

(a) Coastline of the island of Rab (Croa-
tia): emissions of terpenes close to sea-spray
aerosol, emitting reactive halogen species

(b) Salt lake close to Lake King (West Aus-
tralia): terpene emissions and biomass burn-
ing around salt lakes

Figure 1.10.: Examples of remote areas where organic-halogen interaction might take place.

ochemical changes in the particulate matter of the organic aerosol. Some methods had to

be developed or adapted to obtain detailed information on the chemical state of the aerosol

(see chapter 2). Since no adequate model substance was available to study reactions of

atmospheric HULIS in an aerosol smog chamber without the need of complex sample

preparation techniques, two aromatic precursors (catechol and guaiacol) were chosen to

form SOA, simulating the ole�nic or the aromatic core of atmospheric HULIS.

The following steps were carried out to be able to verify single changes of aerosol pa-

rameters during the heterogeneous halogen-aerosol interaction:

1. Appropriate SOA precursors were chosen to cover a wide range of aliphatic and

aromatic features of organic aerosols, especially of HULIS.

2. SOA formation from these precursors was studied using an aerosol smog chamber

under varying environmental conditions (simulated sunlight and relative humidity).

3. The particulate matter of the resulting SOA was characterized comprehensively. In

case of SOA from catechol and guaiacol also the formation process was studied.

4. The halogen-aerosol interaction of the characterized organic aerosols was studied

using molecular chlorine or bromine, which were photolyzed by UV/VIS irradiation.
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5. Finally, the di�erent types of SOA were exposed to natural sources of gaseous halo-

gens to test the halogen-aerosol interaction, to determine the physicochemical trans-

formation of the particulate matter and the in�uences on the halogen release mech-

anisms.
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A variety of methods is available to study surfaces of airborne particles, like aerosols,

and their interaction with atmospheric trace gases (Nieÿner, 1991; Zellner et al., 2009).

Surface functional groups play an important role for heterogeneous aerosol chemistry (Lary

et al., 1999). For studying the formation and processing of those functional groups, FTIR

spectroscopy is most suitable (Najera et al., 2009). Time-resolved FTIR spectroscopy

monitoring the formation of organic aerosol particles was applied by Sax et al. (2005).

The FTIR-spectroscopic investigation of secondary organic aerosol formation in an aerosol

smog chamber provides a deeper understanding of these processes (Sax et al., 2005). SOA

in aerosol smog chambers can be formed at conditions resembling those in the atmosphere

with respect to ozone and precursor concentrations, relative humidity, or UV irradiation.

Coury and Dillner (2008) used attenuated total re�ection (ATR)-FTIR spectroscopy to

quantify organic functional groups in ambient aerosols. Furthermore, light absorption

of organic materials plays an important role for the understanding of radiative forcing

(Shapiro et al., 2009).

To prepare the organic aerosols and study their interaction with halogen species, aerosol

smog chambers and an aerosol �ow reactor were used. The organic aerosols were formed as

secondary aerosols in aerosol smog chambers (see section 2.1) or in an aerosol �ow reactor

(see section2.2). Formation studies and processing with molecular halogens were performed

using a 700 L glass chamber (see section 2.1.1). The interaction of secondary organic

aerosols with naturally released halogens were studied using a 3500 L Te�on chamber (see

section 2.1.2).
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The aerosol size distribution of the processed organic aerosols was determined using an

electrostatic classi�er coupled to a condensation nucleus counter (see section2.3). Imaging

of the solid phase of SOA from catechol and guaiacol by electron microscopy was done

after collecting the particles on �lters (see section 2.4). The chemical structure of the

particulate matter was studied using infrared spectroscopy (see section 2.5). Long-path

absorption FTIR allowed to study the aerosol formation and processing in the 700 L glass

chamber (see 2.5.1). The particulate phase was analyzed using ATR-FTIR spectroscopy

(see 2.5.2). Two electrostatic precipitators were developed to deposit the particulate phase

onto the ATR crystals (see 2.5.3). Temperature-programmed pyrolysis mass spectroscopy

(TPP-MS, see section 2.6) and ultra-high-resolution mass spectroscopy (see section 2.8)

were used to detect functional groups and to analyze halogenated organic species as well

as O/C and H/C ratios and the carbon oxidation state. The optical properties in the

UV/VIS range were measured using di�use-re�ectance UV/VIS spectroscopy (see section

2.7).

2.1. Aerosol smog chambers

2.1.1. 700 L glass chamber

The general setup of this glass chamber has been described by Nolting et al. (1988). How-

ever, due to modi�cations after relocation of the chamber to Bayreuth and an increase of

the volume of the chamber by adding another 60 cm section, the setup has signi�cantly

changed (Fig. 2.1).

The glass chamber now consists of four cylindrical elements made of Duran glass. The

chamber has an overall height of 2.3 m and a diameter of 0.6 m. The top and the bottom of

the aerosol smog-chamber are sealed by �uorinated ethylene propylene �lms (FEP 200A,

Dupont). These membranes also serve as windows for transmitting UV/VIS radiation

emitted by the solar simulator. The four glass elements are equipped with one to four

�anges each. In total, the chamber has nine �anges to mount instruments, tubes for
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2.1. Aerosol smog chambers

sampling or supplying gases, or precursor inlet systems. The volume of the glass chamber

in its current setup, including the �anges, was calculated to be 680 L, and the surface-to-

volume ratio is 8.7 m2m−3.

(a) Basic setup (b) Smog chamber with solar simulator
in operation

Figure 2.1.: 700 L aerosol smog chamber

At the bottom, the glass chamber is equipped with a medium-pressure metal vapor

lamp (Osram Metallogen HMI, 4000 W) as a solar simulator. A water-cooled glass disk

cuts o� the UV-C range of the lamp spectrum (Fig. 2.2). The about one centimeter

thick water layer reduces the amount of infrared radiation from the HMI lamp entering

the smog chamber. The lamp spectrum of the solar simulator was measured using a

Bentham M300HRA monochromator, calibrated using a calibration lamp (Model Oriel

63361), with a 1P28 photomultiplier. A glass re�ector was used to direct the light into the

monochromator. According to �gure 2.2, the spectral actinic �ux, with the UV radiation

cut o� at about 290 nm, is close to the calculated as well as to the reported solar spectral
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actinic �ux (Seinfeld and Pandis, 2006). The calculation of the solar spectrum shown in

2.2 was done using the software package STARsci for the coordinates 40◦ N 11◦ E, summer,

maritime albedo, 348 DU of ozone, and no aerosol. While the black-body temperature of

the calculated solar spectrum is 5409 K, the temperature of the solar simulator is 3940

K without and 3870 K with the UV-C �lter. Hence, the maximum of the spectrum is

shifted to higher wavelengths compared to the solar spectrum.

Figure 2.2.: Spectrum of the solar simulator Osram Metallogen HMI 4000 W with and
without the water-cooled UV-C �lter, compared to a calculated solar spectrum
(40◦ N 11◦ E, maritime albedo, summer, no aerosol, 348 DU of ozone)

The glass chamber is permanently �ushed with particle-free air supplied by a zero air

(dry and contaminant-free air, which is suitable for use as a zero reference calibration

gas) generator (CMC ZA 50K for SOA formation studies and CMC ZA 100K for halogen

interaction studies) and kept at an overpressure of 5�10 Pa. The dew point of water is

decreased to -70 ◦C (5.18 ppm), and the concentration of CO2 is reduced using a Balston

60-75 dehumidi�er. The overpressure was also maintained during the experiments. With
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2.1. Aerosol smog chambers

the solar simulator in operation, residence times of 105±15 min were measured for particles

with diameters of 50±5 nm.

The ozone concentration in the chamber was monitored using a chemiluminescence ozone

analyzer (UPK 8002). Pure oxygen (Riessner-Gase, > 99.995 %) was used to prepare ozone

using a silent-discharge ozonizer (Sorbios, GSG 0012).

The relative humidity in the smog chamber was adjusted at the beginning of the experi-

ments by vaporizing a calculated amount of double-distilled water. Due to the fact that all

experiments were performed at room temperature (approximately 25 ◦C), the saturation

vapor pressure of water was calculated using the Magnus equation (2.1) as reported by

Sonntag (1990).

Ew = 6.112× exp( 17.62t

243.12 + t
) (2.1)

By equation 2.1 the saturation vapor pressure of water Ew in hPa is calculated at the

temperature t in ◦C. The ideal gas law gives access to the saturation mass of water ρw,max

in gm−3 (2.2), where Rw is the speci�c gas constant of water (461.52 Jkg−1K−1).

ρw,max =
100Ew

Rw(t+ 273.15)
(2.2)

Finally, the necessary amount of water to achieve a given relative humidity ρw,SC in

g m−3 is derived from the de�nition of the relative humidity (RH) (Seinfeld and Pandis,

2006) and calculated for the volume of the smog chamber VSC (2.3).

ρw,SC =
RH

100
ρw,maxVSC (2.3)

The relative humidity in the aerosol smog chamber was monitored using a Steinecker

hydrometer (Type 49076D). The use of long-path infrared absorption spectroscopy (for

details see subsection 2.5.1) is limiting the applicable relative humidity to 25 % and there-
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fore the maximum amount of water to 4.25 g. The injected amount was 5 g, allowing for

dilution of the water vapor by �ushing the aerosol smog chamber.

2.1.2. 3500 L Te�on chamber

The interaction of SOA with halogens released from a simulated salt pan was studied using

a 3.5 m3 Te�on smog chamber. FEP 200a Te�on �lm (Dupont) was chosen as wall material.

The initial setup was assembled and described in detail by Siekmann (2008). Seven HMI

lamps with 1200 W each are used as a solar simulator. To cut o� the UV-C band of the

spectrum, a water-cooled glass disk (Tempax glass, Schott AG) was installed.

An FEP sheet carrying a thin layer of salt grains was installed in the lower third of the

Te�on chamber to simulate a salt pan as a source of atmospheric halogen species for the

processing of the organic aerosol.

2.2. Aerosol �ow reactor

Time-resolved long-path absorption FTIR has one major limitation, which is the time

span to measure a single spectrum. Typically, 64 to 512 interferograms are combined

to calculate a single spectrum with a suitable signal-to-noise ratio. To measure those

interferograms at resolutions between 1 and 4 cm−1, several minutes with a Bruker IFS

113v FTIR spectrometer (for details see section 2.5) are required. As a result, every

spectrum represents an average of this time span.

The essential step during SOA formation is the reaction of the SOA precursor with

atmospheric trace gases. This interaction leads to the transformation of the precursor

molecule and to nucleation, chemical bonding, and particle formation. The timescale for

this reaction is too short to allow for it being monitored by FTIR spectroscopy in aerosol

smog chambers equipped with infrared White cells. If the precursor concentrations need

to be high because of the detection limit, the transformation of the aerosol precursor is

even faster.
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Aerosol �ow reactors (AFR) are very suitable for studying heterogeneous reactions of

aerosols (Kodas et al., 1986; Remorov et al., 2005). Application of optical methods for

UV/VIS (Vesna et al., 2009) and infrared spectroscopy (Najera et al., 2008) gives informa-

tion on trace gases, reaction products, and the particulate fraction of aerosols. The usage

of preformed aerosols (by atomizing, ultrasonic nebulizing, or homogeneous nucleation) to

study heterogeneous reactions with atmospheric traces gases in aerosol �ow reactors was

already reported (Najera et al., 2009; Last et al., 2009).

However, aerosol �ow reactors also permit to study aerosol formation processes during

the �rst few seconds after mixing of the precursor with the reacting atmospheric trace

gases, like ozone. Particles arriving at the absorption cell were all formed at the same

time. The content of the absorption cell thus represents a temporally well-de�ned state of

aerosol formation and processing, which depends on �ow pro�le, speed, and length of the

aerosol �ow reactor.

Postulating a laminar �ow, the temporal resolution of the absorption cell is only limited

by the residence time of the aerosol inside the cell. By changing the length of the reaction

zone, the age of the aerosol entering the measuring cell can be varied.

To study the �rst seconds of aerosol formation, an AFR was constructed (Figure 2.3).

The AFR allowed to record infrared spectra at a de�ned time (between 1-10 seconds) after

the mixing of the precursor with the oxidant.

The front port of the Bruker IFS 113v FTIR spectrometer is equipped with an atmo-

spheric pressure sample chamber, which is separated from the vacuum of the spectrometer

by two KBr windows. The gas absorption cell is equipped with KBr windows and has a

volume of 22.6 cm3. It was placed in the center of the infrared beam and connected to

the AFR, which has a length of 50 cm (Figure 2.3). Inside the AFR (inner diameter 2.2

cm), an adjustable glass inlet (inner diameter 2.6 mm) is centered. The AFR is arranged

vertically to reduce particle deposition on the walls through gravitational settling and up-

welling/thermal convection caused by the heat of the reaction. The upper end of the AFR

is connected to a �ow meter (Rota) with a needle valve to control the ozone �ow. The
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Figure 2.3.: Setup of the aerosol �ow reactor coupled to the FTIR spectrometer: a��ow
reactor; b�movable inlet; c�impinger to vaporize the aerosol precursor; d &
e��ow meter to control the gas �ows; f�carrier gas inlet; g�reactive gas inlet;
h�infrared gas cell; i�FTIR sample compartment; j�outlet.

adjustable inlet is connected to a gas saturator to adjust the precursor concentration and

to another �ow meter (Rota) and needle valve for the carrier gas.

The particle formation process is started by adding the precursor gas �ow to the ozone-

enriched oxygen �ow under isokinetic conditions. The �ows of oxygen (1 Lmin−1) and

precursor carrier gas (20 to 100 cm3min−1) lead to an overall residence time of about 11

s inside the AFR and about 1.3 s inside the gas cell. The ratio of the gas �ows is varied

between 1:20 and 1:50. Aerosol formation can be monitored between 1 and 10 seconds

after mixing the two gas streams by changing the position of the gas inlet in the AFR.
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2.2. Aerosol �ow reactor

The whole setup and the �ows were adjusted to the low Reynolds-number range to achieve

laminar �ow conditions.

The setup and �rst results of the aerosol �ow-reactor experiments are published by Ofner

et al. (2010a).

2.2.1. Circular multi-re�ection cell

Based on the experience with the aerosol �ow reactor, a multi-re�ection cell with an opti-

mized geometry for the use with a �ow setup was developed. The main existing concepts

of multi-re�ection cells, developed by White (1942) and Herriott et al. (1964), are char-

acterized by re�ecting the beams along a special axis of the optical setup. A review of

those setups has been given by Robert (2007). The optical paths of those setups are not

focused on a special point. Hence, a complete and homogeneous �lling of the space within

the measuring cell is needed to exploit the full length of the optical path.

To couple an aerosol �ow reactor with a long-path optical device for infrared spectroscopy

with improved detection limits, very small White-cell optics have been used (Najera et al.,

2008). But these cells come up with some disadvantages: Apart from the di�culty to

adjust those devices inside the experimental setup or the vacuum system, only a small

fraction of the overall beam is passing the stream of precursor or aerosol centered inside

the cell. Hence, a circular multi-re�ection cell, which focuses the infrared beam in or close

to the center of the cell, appears to be more appropriate. Such a multi-re�ection cell was

constructed using separate mirrors, and it allows for an increase in path length by a factor

of 8 (Thoma et al., 1994). However, the path length can not be varied, and there is still

the need of adjusting every single mirror inside the experimental setup.

The basic geometric concept of the circular multi-re�ection (CMR) cell is shown in

�gure 2.4(a). The cell is equipped with two apertures for the beam to enter and to leave at

positions A and E, de�ning the angle ε. The beam entering at A is re�ected at position B.
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(a) Geometric concept (b) Experimental setup

Figure 2.4.: Geometric concept and setup (photo by Christian Wiÿler, University of
Bayreuth) of the circular multi-re�ection cell

The angle of re�ection β is dependent on the o�set d of the two apertures from the center

of the cell. After multiple re�ections inside the cell, the beam leaves the cell at position E.

A detailed description of the circular multi-re�ection cell including the mathematical

calculations of achievable beam lengths, the geometric concept, and the basic design is

given by Ofner et al. (2010b). Based on those concepts, the circular multi-re�ection cell

was manufactured at the University of Bayreuth. The CMR cell consists of an aluminum

cylinder with an outer diameter of 80 mm and a height of 30 mm, with a polished spherical

re�ecting inner surface, focusing the light beam on the opposite walls each. The radius r

of the concave mirror is 30 mm. The cell is mounted on a standard optical bench (Bruker

Optics) with four mirrors focusing the infrared beam from the interferometer compartment

into the cell and from there into the detector compartment of the spectrometer (Figure

2.4(b)).

The performance of the cell was characterized using CO2 (see Ofner et al. (2010b)

for details). The number of theoretical re�ections inside the circular multi-re�ection cell

reached 17.5, and hence path-lengths of up to 105 cm could be achieved (Figure 2.5). The
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Figure 2.5.: Path lengths achieved with the circular multi-re�ection cell

focusing of the infrared beam close to the center of the cell is ideal for using this cell

coupled to the aerosol �ow reactor described above.

2.3. Particle sizing

All aerosol size distributions were measured using an electrostatic classi�er (TSI 3071) with

a particle neutralizer (85Kr; TSI 3077A) coupled to a condensation nucleus counter (TSI

3020).

The calculation of the particle diameters from particle mobilities and the normalization

of the particle concentration per channel were done as indicated by Knutson and Whitby

(1975). The aerosol size distribution was obtained by correcting the electrical charge of

the particles with the multi-polar charge distribution described by Wiedensohler (1988).

All presented medians of the particle diameters d̄p were derived by �tting all single aerosol

size distributions with the log-normal distribution (Reist, 1993). Based on the log-normal

distribution, the geometric standard deviation σg was calculated to describe the shape of

the distribution.
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Aerosol size distributions were measured with a temporal resolution of 8 minutes, result-

ing from by the design and setup of the system. Each aerosol size distribution was scanned

in both directions with respect to particle diameters.

2.4. Electron microscopy of SOA

Electron microscopy of unreacted particles of SOA from catechol was performed at the

Vienna University of Technology using a FEI Quanta 200 �eld-emission-gun scanning elec-

tron microscope (FEG-SEM). The particulate matter of the aerosol was collected using

IsoporeTM membrane �lters (Millipore), made of polycarbonate, with a pore size of about

50 nm. Another sample preparation technique was the precipitation of the particulate

matter on Si wafers using a home-made electrostatic precipitator (see section 2.5.3).

The particles were protected against electrical charging and subsequent destruction by

the electron beam by sputtering 3�4 nm of Au/Pd onto their surface. The FEG-SEM

was operated at 6× 10−6 mbar using a cathode voltage of 5 kV to avoid high penetration

depth and only image the surface and morphology of the cluster and chain structures of

the samples.

2.5. Fourier-transformation infrared spectroscopy (FTIR)

Two Fourier-transformation infrared (FTIR) spectrometer were used to study the formation

and transformation of structural elements and oxygen- or halogen-containing functional

groups of the model SOA.

A high-resolution Bruker IFS 113v spectrometer is coupled to the 700 L aerosol smog

chamber (for details see section 2.5.1). While the back port of the IFS 113v is used for

transmitting the beam coming from the smog chamber through the interferometer to the

detector compartment, the front port of the spectrometer is equipped with an atmospheric-

pressure sample port for Bruker standard optical benches. This port was used for the
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aerosol �ow-reactor setup (see section 2.2). The Bruker IFS 113v is equipped with a

DTGS (deuterated triglycine sulfate) detector and a mid-band MCT (mercury cadmium

telluride semiconductor) detector. A globar is installed in the source compartment of the

spectrometer and used as light source for the mid-infrared spectral region. For the same

spectral region, a KBr/Ge beam splitter is installed in the interferometer compartment.

The interferogram is generated using a Genzel-type interferometer (for details see Gri�ths

and Homes (2001)). Acquisition of all spectra was done in the range of 8000 to 0 cm−1,

using a high-pass �lter of 1.1 kHz cutting o� at 585 cm−1 and a low-pass �lter of 12.5

kHz cutting o� at 6642 cm−1. The acquisition mode was single sided using no spectral

correlation. For the Fourier transformation, a phase resolution of 16 was chosen using

the Mertz method for phase correction. The Blackman-Harris 3-term method was used

for apodization with a zero-�lling factor of 2. Generally, 512 single interferograms were

recorded at a resolution of 2 cm−1 and a mirror velocity of 29.73 kHz. All spectra were

evaluated between 4000 and 600 cm−1.

A low-resolution Bruker IFS 48 spectrometer was used for analyzing the particulate

matter of the organic aerosol using ATR-FTIR spectroscopy (see section 2.5.2). The spec-

trometer is equipped with a standard Michelson interferometer, a DTGS detector, a globar

mid-infrared source, and a KBr/Ge beam splitter. For each spectrum, 512 single inter-

ferograms were recorded between 4000 and 400 cm−1 at a resolution of 4 cm−1 and a

mirror velocity of 10 kHz. Acquisition was also performed between 4000 and 400 cm−1 in

single-sided forward-backward mode. The full interferogram length option was chosen as

correlation mode. The Fourier transformation was performed at a phase resolution of 64,

and Mertz-signed as phase correction method. All other parameters were set to the same

values as for the Bruker IFS 113v.

Both spectrometers were operated with particle-free zero air, as described in section 2.1.1.

Post-processing and atmospheric compensation of the infrared spectra was performed using

the Bruker Opus software package (version 5.0). For details on the chosen settings for the
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two FTIR spectrometer described above, see Davis et al. (2001); Gri�ths and de Haseth

(2007).

2.5.1. Long-path infrared absorption spectroscopy in the 700 L glass

chamber

The 700 L aerosol smog chamber was equipped with a 40 m White cell (White, 1942)

designed by Bruker Optics and coupled to the FTIR spectrometer (Bruker IFS 113v). The

spectrometer and the connection to the smog chamber were evacuated to 60 mbar to reduce

disturbances of the spectra by atmospheric compounds.

The White cell was adjusted by coupling a He-Ne laser with the back port of the spec-

trometer, through the interferometer, the source compartment, the White cell, and �nally

to the separated source compartment equipped with a globar. The source compartment

was connected to the spectrometer by a glass tube. For adjusting the White cell, the beam

splitter was replaced by a Mylar-6ae �lm for allowing the He-Ne laser beam to pass.

The path length LW of the White cell is given by equation 2.4.

LW = 2Lb(1 + 2R) (2.4)

The cell with a base length Lb of 80 cm is optimized for 12 double re�ections (R) with

a corresponding optical path length of 40 m. The system could also be optimized for up

to 18 re�ections, resulting in optical path lengths of up to 60 m.

The three mirrors of the White cell had been coated with gold by the optics workshop

of the University of Bayreuth using a physical vapor deposition (PVD) process.

2.5.2. Attenuated total re�ectance (ATR) spectroscopy

FTIR spectroscopy can provide structural and chemical information on organic macro-

molecules such as components of atmospheric aerosols. However, these samples exhibit
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high optical density and therefore, in situ transmission measurements are often hampered

by an insu�cient signal-to-noise ratio, while transmission spectroscopy using KBr pellets

is much more time consuming (Havers et al., 1998). An alternative strategy is provided

by re�ection techniques, since they have the inherent advantage of being independent of

sample thickness, and unlike transmission spectroscopy, they avoid the in�uence of light

scattering on the spectral data, which is a source of interference in absorption spectroscopy

of opaque samples (Muckenhuber and Grothe, 2007).

ATR spectroscopy is a powerful technique to analyze secondary organic aerosol particle

fractions using FTIR. Such spectra are reported in the literature for various secondary

organic aerosols (Dekermenjian et al., 1999). To perform ATR spectroscopy of organic

aerosols, various sample preparation techniques have been described in the literature.

Most common is the sampling of atmospheric compounds on �lters. These samples are

then transferred to the ATR crystal by impression (Ghauch et al., 2006). Quantitative

measurements are only possible with limited reproducibility because of incomplete trans-

fer of the sample from the �lter onto the crystal. Furthermore, the potential contribution

of the �lter material to the infrared spectrum can lead to incorrect interpretation. A way

to avoid this would be the use of an impactor to collect atmospheric aerosols directly on

the ATR crystal (Allen et al., 1994). This technique allows size-dependent measurements,

but will not allow to analyze the total particle fraction (Johnson et al., 1983). Direct

deposition of model aerosol samples by gravitational deposition onto ATR crystals yielded

promising results (Zhang et al., 2005). Hence, an electrostatic precipitation technique was

developed to deposit the particulate matter of the organic aerosols onto the ATR crystals,

which is described in detail in section 2.5.3.

In general, the ATR spectra were recorded using a Bruker IFS 48 FTIR instrument with

a Specac 25 re�ection ATR optics. Three di�erent types of ATR crystals with trapezoidal

shape (52x20x2 mm) were available: Germanium (spectral range: 5000�400 cm−1), Zinc

Selenide ZnSe (spectral range: 20000�500 cm−1), and Thallium bromide and iodide KRS-5

41



2. Methods

(spectral range: 16000�200 cm−1) A detailed description of the spectroscopic setup is given

above (see section 2.5).

2.5.3. Electrostatic precipitators

Morrow and Mercer (1964) described a single-stage point-to-plate electrostatic precipitator

(ESP) for electron microscopy using �eld charging to gather and deposit aerosol samples.

Some other designs of electrostatic precipitators were reported in literature. Mainelis

et al. (2002) describe a precipitator for bio-aerosol collection on Agar plates, consisting of

three components with separated charging and precipitation. Fierz et al. (2007) developed

a portable ESP for TEM, also with separated charging and deposition. Such a direct

deposition technique for atmospheric aerosols on even surfaces appears to be a promising

alternative to other methods of in-situ spectroscopy.

Based on those concepts, an electrostatic precipitator was developed to perform ATR-

FTIR spectroscopy of organic aerosols from the aerosol smog chamber (see section 2.1).

The concept is based on a point-to-plane ESP of the Rochester design (Abdel-Salam et al.,

2007). It is a single-stage electrostatic precipitator in which one electric �eld will do both:

charge the aerosol particles and deposit them on the crystal. This design was chosen for a

convenient matching of the precipitation area to the crystal geometry, and because of the

simple setup of the electric system (Figure 2.6(a)).

The ESP is situated in a cylindrical glass vessel (70 mm diameter, 160 cm length),

wherein the ATR crystal is placed on a sample carrier made of epoxy resin. A copper layer

on the sample carrier is connected to the electric ground. Four metal needles (curvature

radius of the tip about 30 µm) are mounted inside the PVC inlet tubes pointing towards

the ATR crystal surface. The needles are surrounded by the PVC tubes guiding the split

aerosol �ow towards the crystal surface, thus covering most of the surface of the ATR

crystal with the full amount of the present aerosol particulate matter. The material of the

needles is plain steel with no special characteristics. In normal operation mode the needles

are about 1 mm above the crystal surface. The setup of the ESP is shown in �gure 2.6(b).
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2.5. Fourier-transformation infrared spectroscopy (FTIR)

(a) Concept: a�inlet, b�outlet, c�crystal, d-needles,
e�copper plate, f�high voltage supply, g�electric
ground

(b) Experimental setup: ESP version 1 with
a KRS-5 ATR crystal on the deposition plate

(c) Calculation: The maximum of the electric �eld strength is directed
towards the crystal surface where deposition of the charged particles takes
place.

Figure 2.6.: Concept and picture of the experimental setup and calculation of the electric
�eld of the electrostatic precipitator for coating ATR crystals�version 1

The four needles are connected to a high-voltage power supply generating an electric

�eld, and thus electrons/ions by corona discharge. The optimum voltage for depositing

particulate matter onto ZnSe crystals was found to be 4 kV. The electrostatic conditions

inside the ESP were calculated using the software package Student�s Quick�eld 5.8 (Tera

Analyses Ltd.; see �gure 2.6(c)). The calculation indicates that the gradient of the maxi-

mum �eld strength is directed towards the crystal surface where deposition of the charged

particles takes place. A detailed description of this �rst version of the ESP, the deposi-

tion behavior depending on the permittivity of the crystals used, and the �ow conditions

applied is given by Ofner et al. (2009). Furthermore, ATR spectra from electrostatically

deposited particles were compared to ATR spectra of �lter samples, indicating no chemi-
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cal transformation caused by the charging process of the electrostatic precipitation (Ofner

et al., 2009).

(a) Concept: a�inlet, b�outlet, c�crystal, d�needle
and bevelled de�ector, e�copper plate, f�high-
voltage supply with cascade, g�electric ground

(b) Experimental setup: ESP version 2 with
a KRS-5 ATR crystal on the deposition plate

(c) Calculation: The use of the bevelled de�ector allows to turn the �ight
path of the charged particles towards the crystal surface, while the overall
�eld strength at the crystal surface is decreased.

Figure 2.7.: Concept and picture of the experimental setup, and calculation of the electric
�eld inside the electrostatic precipitator for coating ATR crystals�version 2

The direct point-to-plate concept, which could be applied for ZnSe crystals without

trouble, led to erosion of the softer material of the KRS-5 crystals by electrons emitted

from the corona discharge. Hence, a second version of the electrostatic precipitator was

developed. The precipitator is based on the concepts of Fierz et al. (2007) and Mainelis

et al. (2002). This ESP has separate charging and deposition zones. The ESP is operated

at a high voltage of about 10.5 kV. After entering the ESP, the aerosol particles are charged

by the corona and accelerated towards a bevelled de�ector at 3.5 kV. The high voltage drop

of 7 kV between the de�ector and the grounded copper layer turns the aerosol �ight path

44



2.6. Temperature-programmed pyrolysis mass spectroscopy

Table 2.1.: Applicability of ATR crystal materials for the two electrostatic precipita-
tors constructed

ATR crystal materialsa IR spec. range [cm−1] ESP v1 [kV]b ESP v2 [kV]b

Germanium 5000 - 600 2.8 not tested

ZnSe 20000 - 500 4.0 10.5

KRS-5 16000 - 200 not applicable 1 10.5
a delivered by Korth Kristall GmbH
b High voltage resulting in 99 % deposition e�ciency
1 KRS-5 crystal surface was eroded by the corona discharge.

towards the ATR crystal. The basic concept is shown in �gure 2.7. A photography of the

experimental setup is given in �gure 2.7(b).

The second version of the ESP has been described in detail by Ofner et al. (2011). The

electric �eld strength was again calculated using the Student�s Quick�eld software package

(see �gure 2.7(c)). Due to the use of the bevelled de�ector, the electric �eld strength is

decreasing towards the crystal surface. Hence, erosion of the KRS-5 crystal is prevented.

The two ESP were operated in the positive mode of the high-voltage power supply,

resulting in reduced ozone formation and a softer ionization. The applicability of the

available ATR crystal materials for the two ESP is shown in table 2.1.

2.6. Temperature-programmed pyrolysis mass spectroscopy

Temperature-programmed pyrolysis mass spectroscopy (TPP-MS) is used to study func-

tional groups on carbonaceous surfaces like graphitized carbon and soot (Dandekar et al.,

1998). Furthermore, processing of those surfaces with reactive atmospheric trace gases

was studied by investigating the transformation of those surface functional groups (Muck-

enhuber and Grothe, 2004; Ofner and Grothe, 2007). The main structural elements of

soot are composed of large aromatic structures establishing a large π-electron system. The

functional groups, anchor points for heterogeneous reactions are located at the edges of
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this system. To study the amount and diversity of functional groups on the surface of

soot without measuring the overall aromatic system, their di�erent thermal stability was

used by detecting the temperature-dependent desorption of molecules from the original

functional groups.

The same idea has been transferred to the analyses of the functional groups of SOA.

The technique seems to be suitable for organic aerosols with a very low vapor pressure

(Jimenez et al., 2009), e.g. aged SOA or HULIS. Aerosol particles were sampled onto

Whatman QMA quartz �bre �lters (25 mm diameter). Particulate matter was collected

out of 400 L of air from the glass chamber (see section 2.1.1) and 1000 L of air from the

Te�on chamber (see section 2.1.2).

In TPP-MS experiments, the coated quartz �bre �lters were placed in a quartz glass

�ask, which was then evacuated to 10−5 bar. Subsequently, the sample was heated in high

vacuum from room temperature to 900 ◦C with a heating rate of 10 Kmin−1.

Samples of the aromatic aerosol from catechol and guaiacol were measured using the

TPD-MS system of H. Grothe (Institute of Materials Chemistry, Vienna University of

Technology). Through a leak valve a small portion of the pyrolysis gases was introduced

into the mass spectrometer (Balzers Prisma 200 QMS). The setup of the Vienna system

has been described by Ofner (2006). Several fragment masses were recorded as a function

of the pyrolysis temperature. To identify decomposing functional groups, the mass signals

of OH (m/z=17), CO (m/z=28) and CO2 (m/z=44) were exploited. Peaks were assigned

to the decomposing functional groups (Muckenhuber and Grothe, 2006).

TPP-MS spectra of the halogenated organic aerosols and SOA from α-pinene were mea-

sured using a new setup at the Atmospheric Chemistry Research Laboratory in Bayreuth.

The vacuum system of this TPP-MS system is shown in �gure 2.8.

Similar to the Vienna system, this TPP-MS system consists of a tube furnace to pyrolyze

the aerosol sample and a quadrupole mass spectrometer to analyze desorption and pyrolysis

products. At this setup, all desorbing molecules were transfered directly to the MS section
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2.6. Temperature-programmed pyrolysis mass spectroscopy

Figure 2.8.: Schematic �gure of the vacuum system of the TPP-MS system at the Atmo-
spheric Chemistry Research Laboratory of the University of Bayreuth

without using a leak valve. The QMS section was evacuated to less than 10−8 mbar using

a turbomolecular pump (P 1.2) coupled to a membrane pump (P 1.1), the pressure was

monitored using a full-range vacuum gauge (P(FR)). The ultra-high vacuum of the QMS

section is separated from the high-vacuum system by a UHV corner valve (V1.1). A

PrismaPlusTM QMG 220 (Pfei�er Vacuum) with a mass range up to 200 amu was used

as mass spectrometer. The �lament of the high-sensitivity ion source made of yttriated

iridium was operated at 70 eV. A C-SEM (channeltron), operating at 932 V was used

as detector. The vacuum system of the sample compartment consisted of a silica quartz

tube, located inside the tube furnace, and a vacuum pumping system. The sample was

evacuated to �ne vacuum using a rotary vane pump P3.1. Afterwards, high vacuum of

about 3×10−6 mbar was applied using a turbo molecular pump (P2.2) coupled to a rotary

vane pump (P.2.1). The vacuum was monitored using a �ne-vacuum gauge (P(FV)) and

a cold-cathode high-vacuum gauge (P(HV)). For recording the temperature-programmed

pyrolysis mass spectra, the samples were heated up to 1000 ◦C at a constant heating

rate of 10 Kmin−1. The furnace was operated using a PID controller (Eurotherm 2216).

The actual temperature of the sample was monitored using a Type-K thermocouple. The

signal of the thermocouple was transformed to a 0�10 V signal using an Eurotherm 32h8i

temperature-monitoring device and was recorded by the mass spectrometer software. All

TPP-MS spectra were recorded using the 3-D scan analog setup of the QUADERA software
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package sampling the full mass range as a function of temperature. Additionally, the total

pressure and the sample temperature were recorded.

2.7. UV/VIS spectroscopy using an integrating sphere

The measurement of optical properties of airborne organic aerosols is a complex task.

This is especially true for the complex index of refraction, which is the most signi�cant

parameter to evaluate optical properties associated with radiative forcing. Hence, only few

publications are available on this topic. Myhre et al. (2004) used specular re�ectance of

liquids containing dissolved organic aerosol acids and a Kramers-Kronig analysis method

to obtain the complex index of refraction. Since the method of dissolving aerosols in

a liquid provides the complex index of refraction of the solution, the comparability to

aerosols in their natural state is questionable. A more comparable approach is the di�use

re�ectance measurement of powder samples on �lters, and calculating the complex index

of re�ection by comparing to transmission measurements (Burger et al., 1997) using the

Kubelka-Munk theory (Kubelka and Munk, 1931), see equation 2.5. This technique has

also been applied by Campbell et al. (2011). They used a laser to measure the transmission

and re�ection spectra of aerosols on Te�on �lters, hence absorption coe�cients could only

be derived for the laser wavelength employed. While laser methods only give access to

discrete absorption Ångström coe�cients, a full-range measurement would be desirable

(Moosmüller et al., 2011).

The absolute di�use re�ectivity R∞ of a sample is proportional to the ratio of the

absorption K and the scattering coe�cient S (equation 2.5):

F (R∞) =
(1−R∞)2

2R∞
=
K

S
(2.5)

The resulting Kubelka-Munk function F (R∞) is equal to the extinction and can be

related to the Lambert-Beer law. Therefore, a quantitative interpretation of the di�use
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re�ectance spectra is possible (Kortüm et al., 1963), and the absorption and scattering

coe�cients can be derived. This is only hampered by a number of limitations which are

reported in detail by Kortüm and Oelkrug (1966). One major limitation is the requirement

of an in�nitely thick sample. According to Kortüm and Oelkrug (1966), a thickness of a

few millimeters is required to ful�ll the preconditions in the case of very �ne powders or

particles like atmospheric organic aerosols. It is hardly possible to sample enough aerosol

particles to achieve a layer of that thickness, especially not within the available volume of

an aerosol smog chamber. Hence, only F (R) and not F (R∞) could be measured for the

organic aerosols in question.

The best method to determine the complex index of refraction is to measure the scat-

tering of polarized light at di�erent angles (Zhao et al., 1997; Eiden, 1971). However, this

sophisticated setup was not available�therefore only the di�use absorbance of the aerosol

samples was recorded.

The UV/VIS di�use-re�ectance spectra were measured using a spectrophotometer (Uvi-

kon XL, BIO-TEK Instruments) with an integrating Ulbricht sphere (Labsphere) between

200 and 800 nm at a speed of 200 nm per minute at a bandwidth of 4 nm. The par-

ticulate matter of the aerosol was collected onto Whatman QMA quartz �bre �lters (25

mm). Spectralon Di�use Re�ectance Standards (SRS-99-010, Labsphere) were used as

reference material for the integrating sphere. No absorption in the chosen spectral range

was observed when comparing clean quartz �bre �lters to the Labsphere standards using

the integrating sphere.

2.8. Ultra-high-resolution mass spectroscopy

To obtain the O/C and H/C ratios as well as the exact amount and the structure of halo-

genated molecules, ultra-high-resolution mass spectroscopy was performed by Ph. Schmitt-

Kopplin at the Helmholtz Centrum Munich (Germany) with a Bruker 12 Tesla APEX Q

ion-cyclotron-resonance Fourier-transform mass spectrometer.
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Electrospray injection was applied in negative mode with an APOLLO II electrospray

source in �ow injection at 2 µlmin−1 (Gaspar et al., 2009). The molecular formulae were

batch-calculated by an in-house software tool, achieving a maximum mass error of ≤ 0.2

ppm. The generated formulae were validated by setting sensible chemical constraints (N

rule, O/C ratio ≤ 1, H/C ratio ≤ 2n + 2, element counts: C ≤ 80, H unlimited, O ≤ 60)

in conjunction with an automated isotope pattern comparison (Gaspar et al., 2009). Even

enabling up to 3 atoms of nitrogen and sulfur, calculated molecules resulted in mainly

CHO-types of elemental formulas (only a few formulas corresponding to impurities were

found to be CHNO, CHOS, and CHNOS, which originated from the quartz �lters).

The �lters were pushed into Eppendorf 2-ml vials with the help of the vial cap, extracted

directly with 1 ml of methanol, and centrifuged in the same Eppendorf vials. The extract

was used without further treatment.

2.9. Sample preparation techniques

The SOA precursors were introduced into the aerosol smog chambers using an impinger

connected to the aerosol smog chamber and �ushed with puri�ed air. In case of liquid

precursors, a calculated amount of the sample, based on the chamber volume, was injected

into the impinger using a µL-syringe and �ushed into the chamber. While the vapor

pressure of α-pinene is high enough (500 Pa) to evaporate the precursor only by the air

�ow, the guaiacol precursor (vapor pressure of 14.66 Pa) had to be heated to facilitate fast

evaporation. The required amount of the solid SOA precursor catechol (vapor pressure of

20 Pa) was weighed, inserted into the impinger, heated to liquefaction, and then �ushed

into the aerosol smog chamber like the other precursors.

For aerosol �ow-reactor experiments, the impingers were permanently �lled with the

precursors and �ushed. In the case of the catechol precursor, the impinger was permanently

heated to liquefy the solid compound (110 - 120 ◦C).
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For the molecular processing experiments, gaseous reactants like chlorine and bromine

were also introduced through the impinger. While chlorine was diluted with puri�ed air in

a ratio of 1:100 and then dosed using a mL-syringe, bromine was dosed as a liquid with a

µL-syringe.

To generate the sea-salt aerosol for the sea-salt SOA interaction experiments. Sea-salt

aerosol was added to the aerosol smog chamber with the already formed SOA inside. To add

the sea-salt aerosol without diluting the SOA in the smog chamber, an internal nebulizer

was built, based on the concept reported by Siekmann (2008). The internal nebulizer uses

air from the smog chamber to nebulize the sea-salt aerosol into the chamber (Figure 2.9).

Figure 2.9.: Internal nebulizer to add sea-salt aerosol to an existing aerosol in the aerosol
smog chamber (developed by H.-U. Krüger)
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3. SOA formation

A detailed characterization of the SOA model employed is given in this chapter. As intro-

duced in chapter 1, α-pinene, catechol and guaiacol were used as precursors to form the

SOA by homogeneous nucleation in the aerosol smog chamber. Since SOA from α-pinene

is a well-characterized organic aerosol, SOA from α-pinene was only investigated (see sec-

tion 3.2) with respect to the characterization of changes induced by the halogen-aerosol

interaction. Due to the fact that SOA from catechol or guaiacol is rather unknown, their

nucleation products were characterized in more detail (see section 3.3).

3.1. Experimental setup and materials

For aerosol smog-chamber experiments, the following SOA precursors were used. As or-

ganic precursor for the aliphatic SOA, α-pinene was obtained (Figure 1.2) from Sigma-

Aldrich with a purity > 98 %. The aromatic precursors for the SOA were catechol (Riedel-

de Haën, 32101, pro-analysis grade, > 99 % HPLC) and guaiacol (Sigma Aldrich, G5502,

pro-analysis grade, > 99 % GC) (Figure 1.4). The molecular weights are: α-pinene, 136.24

g mol−1; catechol, 110.11 g mol−1; guaiacol, 124.14 g mol−1.

For aerosol �ow-reactor experiments, the same α-pinene precursor was used. The pre-

cursor for the catechol aerosol was obtained from Merck with a purity > 99 % by GC

area.

The precursors and their physicochemical properties are listed in table 3.1. The sample

preparation technique for the aerosol smog chamber and the aerosol �ow reactor is de-
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Table 3.1.: SOA precursors and their signi�cant physicochemical properties

precursor molecular weight [g mol−1] density [g cm−3] vapor pressure [Pa]

α-pinene 136.24 0.858 500

catechol 110.11 1.34 20

guaiacol 124.13 1.128 14.66

scribed in detail in section 2.9. The ozone production and the purity of the oxygen used

was described in detail above in section 2.1.

For each precursor three aerosol smog-chamber experiments were carried out: 1. for-

mation of SOA in the dark with O3 only (0 % relative humidity); 2. formation of SOA

with simulated sunlight and O3 only (0 % relative humidity); 3. formation of SOA with

simulated sunlight, O3 and 25 % relative humidity. No particle formation could be ob-

served from the reaction of guaiacol with O3 in the dark, therefore, no data is presented.

For aerosol size distribution experiments, 100 ppb of the precursor and 500 ppb of ozone

were used to record the formation of the SOA. FTIR experiments had to be performed

at higher concentrations (5 ppm precursor and 20 ppm ozone) due to the detection limit

of the long-path FTIR spectrometer. Two hours after SOA formation, ATR samples were

collected onto the KRS-5 crystal for 30 minutes at an aerosol �ow of 6.5 cm3s−1. About

108 aerosol particles were collected for each ATR measurement from medium particle con-

centrations of 105 particles cm−3 at a collection e�ciency of about 90 %. For UV/VIS

spectroscopy, FEG-SEM imaging, TPP-MS, and ultra-high-resolution mass spectroscopy,

aerosol particles formed at higher precursor concentrations (5 ppm) were sampled onto the

speci�ed �lter materials.

Aerosol �ow-reactor experiments were performed at higher precursor and ozone concen-

trations (α-pinene: 5000 ppm, catechol: 50 ppm; ozone up to 500 ppm). All secondary

organic aerosols were produced only by ozone oxidation without UV irradiation.
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3.2. SOA from α-pinene

3.2. SOA from α-pinene

Because there is already a huge amount of journal articles on SOA formation from the

terpene-type precursor α-pinene available, only spectroscopic details were investigated

within this work to be able to determine physicochemical changes of the SOA through

the reaction with halogen species.

3.2.1. Particle formation in the 700 L aerosol smog chamber

Various groups have studied the SOA formation from terpene-type precursors, e.g. Bal-

tensperger et al. (2005). The particle formation shown in �gure 3.1 (the so-called "banana

plot"), which was measured in the 700 L aerosol smog chamber, demonstrates the rapid

SOA formation caused by the high precursor concentrations needed for applying spectro-

scopic techniques, as described in chapter 2.

Figure 3.1.: Formation of SOA from α-pinene in the 700 L aerosol smog chamber

Caused by the rather high precursor concentrations, the progression of the homogeneous

nucleation is barely observable. The precursor and oxidant concentrations mentioned above

lead to SOA particles with diameters in the range of 100�120 nm. The aerosol formation

process is completed rather quickly. After 10 minutes, no further signi�cant changes are
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visible except a decrease in particle concentration caused by sedimentation and di�usion

to the chamber walls.

3.2.2. Infrared spectroscopy of particle formation in the smog chamber

To characterize SOA from α-pinene formed in the 700 L aerosol smog chamber in detail,

long-path absorption FTIR spectroscopy was used. The formation of this terpene-type

SOA is very fast, hence only a few spectral changes during a smog-chamber run are visible

in the infrared spectrum (Figure 3.2.

The time-resolved infrared spectra are dominated by the formation of a broad ν(O−H)

stretch region, a strong ν(C=O) absorption, and the degradation of the ν(C−H) region.

In comparison with the infrared spectra of the precursor (Wilson, 1976) and with an other

time-resolved FTIR study (Sax et al., 2005), the absorptions occurring in �gure 3.2 could

be assigned as follows.

Figure 3.2.: Time-resolved long-path infrared absorption spectra of SOA formation from
α-pinene with ozone and without simulated sunlight
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3.2. SOA from α-pinene

The high-wavenumber range is dominated by a broad ν(O−H) vibration with a maximum

at about 3420 cm−1. According to Sax et al. (2005), these stretching vibrations can be

assigned to aliphatic alcohols. The stretching region of the−OH groups of carboxylic acids,

between 3200 and 2400 cm−1, is weakly structured in the long-path absorption spectrum

and therefore discussed elsewhere (see section 3.2.4, ATR spectra of SOA from α-pinene).

The ν(C−H) region is dominated by the asymmetric and symmetric stretching vibrations

of the −CH3 and −CH2− groups. The strongest absorption at 2924 cm−1 correlates with

the νas(C−H) of a −CH2− group. The intensity of this absorption decreases faster than

that of the nearby absorption at 2955 cm−1, which is the νas(C−H) of a −CH3 group.

At the beginning of the aerosol formation process, the asymmetric stretching vibration of

−CH2− groups at 2924 cm−1 is more prominent than the asymmetric stretching vibration

of the −CH3 groups at 2955 cm−1 (Wilson, 1976). This is in good agreement with ring-

opening reactions and degradation of aliphatic −CH2− groups (Yu et al., 2008).

Thus, an oxidation of this aliphatic group plays an important role for SOA formation

from α-pinene. Further prominent ν(C−H) vibrations are a second νas(C−H) at about

3000 cm−1 and a νs(C−H) at 2880 cm−1. Other, less important vibrations in this spectral

range can be assigned in good agreement with Wilson (1976).

The absorption intensity within the carbonyl stretching region between 1800 and 1650

cm−1 is increasing due to the oxidation of the precursor resulting in the formation of

C = O-containing functional groups. The main absorption can be found at about 1720

cm−1 (reported by Sax et al. (2005) as 1726 cm−1). In total, contributing to the car-

bonyl stretching region �ve absorptions could be identi�ed: 1785, 1762, 1740, 1720, and

1705 cm−1. A de�nite assignment of these absorptions to functional groups is not yet

possible, but in general the following dependencies were considered: Unsaturated aldehy-

des and acids can be found at 1720 and 1705 cm−1. Saturated ketones, aldehydes, and

esters contribute to the absorption at 1740 cm−1. Carboxylic acid anhydrides and sta-

ble aliphatic acid peroxides could be found at 1762 and 1785 cm−1. The allocation of

carbonyl-containing functional groups was based on the detailed description of the car-
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Table 3.2.: Assignment of infrared absorptions of SOA from α-pinene
in the smog chamber

vibr. mode [cm−1] assignment

ν(O−H) 3420 mainly di�erent alcohols

νas(C−H) 3000 & 2955 −CH3

νas(C−H) 2924 −CH2−

νs(C−H) 2880 −CH3

ν(C=O) 1785 & 1762 acids, anhydrides, peroxides

ν(C=O) 1740 saturated ketones, aldehydes, esters

ν(C=O) 1720 & 1705 unsaturated acids, aldehydes

1455 -"-

δ(C−H) 1370 C-H in-plane deformation

1227 -"-

ω(C−H) 1205 wagging of −CH2 and −CH3

ν(C−C) and/or α(ring) 1055 skeleton vibrations

bonyl stretching region by Socrates (1980). This region was further investigated using the

aerosol �ow reactor (see section 3.2.3).

The following �ngerprint region is dominated by residual absorptions of the entire pre-

cursor. The band at 1445 cm−1 has been observed by Wilson (1976), but was reported

without detailed vibrational assignment. The C−H in-plane deformation vibration is vis-

ible at 1370 cm−1. No detailed information on the absorption at 1227 cm−1 is available.

At 1205 cm−1, the wagging vibration of aliphatic −CHx is visible. The lowest prominent

absorption, at 1055 cm−1, represents carbon-skeleton vibrations of the ring system, but it

might be concealed by the ozone vibration at 1043 cm−1.

The assignments of the most prominent absorptions of the long-path FTIR spectra are

listed in table 3.2.
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3.2. SOA from α-pinene

Figure 3.3.: Formation of SOA from α-pinene studied inside an aerosol smog chamber
(SC, temporal resolution 10 min) and an aerosol �ow reactor (AFR, temporal
resolution 1 s up to 10 s)

3.2.3. Spectroscopy of particle formation using the aerosol �ow reactor

The aerosol �ow reactor was used to study the formation of SOA from α-pinene with

better time resolution. The absorbance was observed to increase over time (Figure 3.3

AFR), which is due to the ongoing deposition of organic material onto the KBr windows of

the gas cell. The resulting infrared spectra are negligibly in�uenced by this contamination

of the windows, because the signal of the gas phase is signi�cantly stronger.

The results from the aerosol �ow reactor are con�rmed by the change in predominant

CHx-groups. These vibrations show a quite similar behavior in the long-path FTIR spec-

tra. In the course of the measurement, the most outstanding asymmetric stretching vibra-

tion of the −CH2− group at 2924 cm−1 is replaced by the asymmetric stretching vibration

of the −CH3 group at 2955 cm−1. In contrast to the temporally averaged spectra of the

White cell, many bands of the entire core structure of the α-pinene molecule remain vis-
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Table 3.3.: Assignment of infrared absorptions by SOA
from α-pinene using the aerosol �ow reactor

vibr. mode [cm−1] assignment

νas(C−H) 2955 −CH3

νas(C−H) 2924 −CH2−

ν(C=O) 1785 & 1762 carboxylic acid anhydrides

ν(C=O) 1720 saturated ketones and aldehydes

ν(C=O) 1705 unsaturated acids or α-diketones

ible during the �rst few seconds. Studying the formation of SOA from α-pinene using

an aerosol �ow reactor provides a more detailed understanding of the formation of the

ν(C = O) stretching vibration (Figure 3.3 AFR). The AFR spectra indicate a composi-

tion of the broad carbonyl vibration of two main absorptions at 1720 and 1705 cm−1. At

higher frequencies, shoulders at 1785 and 1762 cm−1 are also visible. At the beginning

of the reaction of ozone with α-pinene, the absorption at 1720 cm−1 is predominating. It

can be assigned to the ν(C =O) stretching vibrations of saturated ketones or aldehydes

(Socrates, 1980). Later on, the band at 1705 cm−1 becomes more intensive. This band

represents saturated carboxylic acids or α-diketones. Both absorptions together might be

assigned to saturated dicarboxylic acids, but in this case the observed switch in relative

intensity should not occur. The two bands at the high frequency shoulder can be assigned

to carboxylic acid anhydrides, which is in good agreement with the rise in intensity of the

ν(C=O) stretching vibration of carboxylic acids at 1705 cm−1.

A list of all examined absorptions using the aerosol �ow reactor is given in table 3.3. A

quantitative analysis of the time-dependent increase or decrease of absorptions is hardly

possible because of the poor time resolution of the aerosol smog chamber and the above-

mentioned contamination of the windows of the absorption cell of the aerosol �ow reactor.
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3.2. SOA from α-pinene

3.2.4. Spectroscopy of functional groups of particulate matter

The particulate matter of SOA from α-pinene was analyzed separately using ATR-FTIR

spectroscopy. The SOA was formed at two di�erent ambient conditions: with simulated

sunlight at 0 % relative humidity and at 25 % relative humidity. Sampling onto the ATR

crystals was performed using electrostatic precipitation (see section 2.5.3).

Figure 3.4.: ATR-FTIR spectra of particulate matter of SOA from α-pinene at two di�erent
ambient conditions

The ν(O−H) region of the ATR spectra of the two di�erent samples is dominated by a

broad absorption with its maximum located at about 3400 cm−1 for SOA from α-pinene

formed with simulated sunlight at 0 % relative humidity and at about 3250 cm−1 for

SOA from α-pinene formed with simulated sunlight at 25 % relative humidity. While the

higher-wavenumber region represents alcohols and intramolecular hydrogen bonds of -OH

groups, the absorption at 3250 cm−1 can be related to the band at 2640 cm−1. Those two

vibrational regions are typical of ν(O−H) of carboxylic acids.
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3. SOA formation

At 2968 and 2890 cm−1, two dominant absorptions of −CHx groups are present in the

SOA from α-pinene. Con�rmed by the assignments for the precursor, 2968 cm−1 is the

asymmetric and 2890 cm−1 the symmetric stretching vibration of the −CH3 groups.

In addition to the carbonyl stretching region described in sections 3.2.2 and 3.2.3, two

main absorptions are visible at 1738 and 1711 cm−1. Those can be assigned the same way

as in sections 3.2.2 and 3.2.3.

Apart from the O−H stretching region, signi�cant di�erences between the di�erent

ambient conditions applied are only visible in the so-called �ngerprint region. While ab-

sorptions like 1550, 1438, and 1370 cm−1 seem to be rather similar for both samples, the

vibrations at 1304 and 723 cm−1 are more prominent at enhanced relative humidity. Only

a few vibrations can be assigned to structural elements of the precursor: The presence of

the ring system of the precursor is revealed by the in-plane deformations at 1370 and 1180

cm−1 and the ν(C=C) at 1550 cm−1. A strong absorption close to 1458 cm−1 was mea-

sured for the precursor (Wilson, 1976) but was not assigned to any speci�c vibration of the

precursor molecule. The same is true for the weak absorption at about 1550 cm−1. Strong

hints at carboxylic acid dimers or esters are given by the increasing ν(C−O) vibration

at 1304 cm−1 in combination with the ν(O−H) region. A deformation vibration of the

unoxidized −CH=CH− is present in the sample formed at enhanced relative humidity.

While the ATR-FTIR spectra of SOA from α-pinene exhibit more spectral features than

described above, this section only focuses on the main absorptions as listed in table 3.4.

The method of TPP-MS to study functional groups of organic macromolecular structures

is useful for low-volatile materials like soot (Muckenhuber and Grothe, 2004; Ofner and

Grothe, 2007) or low-volatile organic aerosols (see section 3.3). The important TPP-MS

mass peaks of SOA from α-pinene appear at the very beginning of the desorption process

during the evaporation of semi-volatile compounds. Hence, an assignment to functional

groups as done by Muckenhuber and Grothe (2004) is hardly possible. The complete TPP

mass spectrum is shown in �gure 3.5.
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3.2. SOA from α-pinene

Table 3.4.: Assignment of ATR infrared absorptions from
SOA formation from α-pinene in the smog
chamber

vibr. mode [cm−1] assignment

ν(O−H) 3400 mainly di�erent alcohols

ν(O−H) 3250 & 2640 carboxylic acids

νas(C−H) 2968 −CH3

νs(C−H) 2890 −CH3

ν(C=O) 1738 saturated ketones, aldehydes, esters

ν(C=O) 1711 unsaturated acids, aldehydes

ν(C=C) 1550 −CH=CH− of the precursor ring

1458 -"-

δ(C−H) 1370 in-plane deformation

ν(C−O) 1304 carboxylic acid dimers and/or esters

ν(C−H) 1180 in-plane deformation

δ(C−H) 723 out-of-plane, cis −CH=CH−

The semi-volatility of SOA from α-pinene is demonstrated by the high peaks over the

whole mass range during desorption below 100 ◦C. However, also low-volatile compounds

are part of the particulate matter, which seems to be stable up to 900 ◦C. Some hints of

oligomer formation are given by the separated desorption blocks, which have an average

width of about 12 m/z. In TPP mass spectra, only compounds not exceeding 130 m/z are

stable up to high temperatures. This might be caused by fragmentation of oligomers with

higher masses. This fragmentation could be due to a rather weak bonding of the oligomers,

e.g. by carboxylic acid dimers or hydrogen bonding as indicated by the ATR spectra.

An assignment of CO, CO2, and OH desorption signals to functional groups according

to Muckenhuber and Grothe (2006) is impossible, because a strong desorption of those

fragments is even visible in the range between room temperature and 100 ◦C. This behavior

indicates that the vapor pressure of some compounds of the α-pinene SOA is not low enough

to permit an analysis at high-vacuum conditions.
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3. SOA formation

Figure 3.5.: TPP mass spectra of particulate matter of SOA from α-pinene

3.2.5. Optical properties

The di�use-re�ectance UV/VIS spectra of SOA from α-pinene formed with simulated sun-

light and 0 % or 25 % relative humidity exhibit almost no absorption in the visible part

of the spectrum, i.e. above 400 nm (Figure 3.6), which is in good agreement with the

nearly colourless appearance of the �lter samples. The absorption spectrum of saturated

α-pinene vapor was calculated based on the absorption cross section (Kubala et al., 2009),

published in the MPI-Mainz UV-VIS spectral atlas of gaseous molecules.

The main absorptions of SOA from α-pinene are located at about 220 and 275 nm. They

can be related to the π → π∗ and the n→ π∗ transition. The absorption at 275 nm is due

to oxygen-containing functional groups containing lone pairs of electrons, like carboxylic

acids and carbonyls. The absorption at 220 nm appears to originate from short conjugated
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3.3. SOA from catechol and guaiacol

Figure 3.6.: Di�use re�ectance spectra (F (R)) of SOA from α-pinene and absorption spec-
tra of a saturated α-pinene vapor

systems, which stem from the −CH=CH− bond of the α-pinene ring system (Hesse et al.,

1991). These might be e.g. conjugated dienes. All spectra shown in �gure 3.6 exhibit a

nearly exponential decay towards the red end of the spectrum.

3.3. SOA from catechol and guaiacol

3.3.1. Particle formation - particle number concentration and size

distributions

The aerosol size distributions of SOA from catechol and guaiacol were measured as de-

scribed in section 2.3. Two aerosol size distributions are compared: one is of SOA formed

in the presence of simulated sunlight and 25 % relative humidity and the other of SOA

formed in the dark at 0 % relative humidity (Figure 3.7). Particle formation is signi�cantly

enhanced by UV/VIS irradiation and enhanced relative humidity.

The mass concentrations and size distributions of the SOA formed strongly depend on

the environmental conditions in the aerosol smog chamber, as indicated in �gure 3.7. More

detailed information on the particle formation process and the achieved masses is given
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3. SOA formation

Figure 3.7.: Aerosol size distribution of SOA from catechol formed in the presence of sim-
ulated sunlight and 25 % relative humidity and formed in the dark at 0 %
relative humidity

in �gure 3.8, where the medium particle diameters of the di�erent aerosols are plotted

against their formation time. The aerosol mass distributions were derived from volume

distributions with an assumed density of 1.4 g cm−3 (Coeur-Tourneur et al., 2009).

Aerosol formation yields are in�uenced by the presence of simulated sunlight and relative

humidity. The precursors play a decisive role in this formation process. The catechol

precursor is found to generate one order of magnitude more aerosol mass than the guaiacol

precursor under simulated-sunlight conditions. At a relative humidity of 25 %, these yields

are observed to increase signi�cantly compared to the yields at dry conditions or without

simulated sunlight. SOA formation experiments from catechol and guaiacol (formed at 25

% relative humidity), particle size distributions show similar mean particle diameters of

50±5 nm. The width of the particle size distribution for SOA formed in the dark (σg=1.26)

is lower than that for SOA formed under simulated-sunlight conditions (σg=1.34). The

mean particle diameter of SOA from guaiacol formed in the presence of simulated sunlight

66



3.3. SOA from catechol and guaiacol

Figure 3.8.: Comparison of the evolution of the aerosol mass concentration (COA) at di�er-
ent simulated environmental conditions and depending on the SOA precursors.

and dry conditions is very low (32 nm). This is caused by the reduced reactivity of guaiacol

towards ozone.

Thus, irradiation has an in�uence on particle formation, not only concerning the overall

aerosol mass, but also the particle size distribution as shown in �gure 3.7. Particle forma-

tion seems to be fairly completed after about 30 minutes. Subsequently, only aggregation

of small particles takes place, as demonstrated by the slow increase in aerosol diameters.

A detailed discussion of the resulting morphology, based on electron microscopy, is given

in the next section (3.3.2).

3.3.2. Particle imaging using FEG-SEM

To study the morphology of SOA formed from catechol and guaiacol, FEG-SEM (see sec-

tion 2.4) was used. Aerosol particles were deposited either on Si wafers using electrostatic

precipitation (for details see section 2.5.3), or collected using polycarbonate �lters as de-
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scribed in section 2.4. For scanning electron microscopy, higher precursor concentrations

were employed to achieve su�cient SOA particle density. As a result, aerosol particles

were slightly larger than the mean value observed in the aerosol size distributions (Section

3.3.1).

(a) liquid-like (b) amorphous aggregates

Figure 3.9.: FEG-SEM images of SOA from catechol, exhibiting two di�erent morphologies

Figure 3.9 displays aerosol particles on a Si wafer (3.9(a)), which exhibit a rather liquid-

like morphology, and particles on a polycarbonate �lter (3.9(b)), most of which are ag-

gregates with an amorphous structure. The morphological di�erence between those two

samples could be caused either by the di�erent sampling methods or by di�erent states of

aging of the aerosols. Due to the fact that the method of electrostatic precipitation was

veri�ed with regard to chemical transformations of the particulate matter (Ofner et al.,

2009), di�erent states of oxidation of the aerosols are more likely.

Assuming that the liquid-like particles take on a hemispherical shape when deposited on

the wafer, the diameters of the airborne particles are 1.26 times smaller than the diameters

suggested by the image. This is caused by the di�erent diameters of particles of the same

volume in spherical and hemispherical shape.

The amorphous particles in �gure 3.9(b), with diameters between 100 and 250 nm,

are of nearly perfect spherical morphology, indicating their formation by gas-to-particle
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3.3. SOA from catechol and guaiacol

conversion while being airborne (Pöschl et al., 2010). Du no speci�c surface texture is

visible. Chain- and cluster-like aggregates of those particles have also been observed.

3.3.3. Infrared spectroscopy of particle formation in the smog chamber

Long-path absorption infrared spectroscopy of the SOA formation from catechol and gua-

iacol in the aerosol smog chambers allows to follow both, the decrease of the precursors and

the formation of the organic aerosol. The mean residence time τ of catechol in the smog

chamber was calculated to be 10 minutes by observing the decrease of the aromatic stretch-

ing vibration at 1510 cm−1. Hence, during the �rst 10 minutes the precursor decreases

rapidly and products increase with approximately the same rate.

Figure 3.10.: Time-resolved long-path infrared absorption spectra of SOA formation from
catechol with ozone and without simulated sunlight: The precursor (red,
dash-dotted) rapidly decreases and the broad, largely unstructured bands of
the organic aerosol (black) increase at the same time.

After 30 minutes, no further changes in the infrared spectrum were detectable under

the given experimental conditions. Thus, the formation process of SOA particles from

catechol or guaiacol as precursors is completed after less than 30 minutes (Figure 3.10). The

long-path FTIR spectra from the aerosol smog chamber indicate that the fully developed

69



3. SOA formation

particles do not undergo any further oxidation. This can be easily inspected by the carbonyl

stretching vibration (see �gure 3.10), which then remains constant in shape and intensity.

Therefore, even the chemical aging of the organic aerosol seems to be �nished after 30

minutes, and the state of oxidation is stable under the given experimental conditions.

Corresponding to the composition of the gas phase (N2, O2, CO2, and O3) and the

chemical structure of the precursors, only vibrational modes containing carbon, oxygen,

and hydrogen are expected. The overlap of absorptions of gaseous and solid products as well

as gaseous educts and other reactive or inert gas-phase species constrains the quantitative

analysis of these data.

At the beginning of the SOA formation, the spectra of the organic gas or particle phase

can be assigned to the catechol molecule (Socrates, 1980). The aromatic ring exhibits

typical aromatic ν(C=C) stretching vibrations at 1620, 1510, and 1480 cm−1. The sharp

absorption at 3063 cm−1 matches the ν(C−H) stretching vibration, the two absorptions

at 3671 and 3608 cm−1 are the respective ν(O−H). The vibrations at 1364 and 1325

cm−1 correspond to the phenolic ν(C−O) stretching vibration of phenolic alcohols. The

absorptions in the range of 1272 to 1155 cm−1 and the band at 1090 cm−1 represent either

the aromatic in-plane deformation δ(C−H) or the phenolic deformation mode δ(O−H).

The aromatic out-of-plane deformations give rise to the absorptions between 860 and 740

cm−1. The ozone content is indicated by the absorption at 1043 cm−1.

During the aerosol formation process most of those absorptions decrease, and the for-

mation of some new bands can be observed. The sharp maxima of the phenolic ν(O−H)

vibration decrease, and new ν(O−H) vibrations emerge, as indicated by the broad ab-

sorption at about 3330 cm−1. On the high-frequency slope of this group of bands, the

absorption at 3450 cm−1 increases as well. This band might be assigned to the intra-

molecularly bonded ν(O−H) of −O · · ·H · · ·O =.

A strong carbonyl stretching vibration in the range of 1850 to 1680 cm−1, while the

aerosol is formed. Two main bands can be identi�ed in this region using long-path ab-

sorption FTIR in the aerosol smog chamber. An absorption at 1792 cm−1 indicates the
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3.3. SOA from catechol and guaiacol

ν(C =O) of esters, anhydrides, and carboxylic acids, and an absorption at 1730 cm−1 is

typical of quinones, ketones, and other aromatic and aliphatic ν(C = O) vibrations. A

more detailed characterization of the carbonyl stretching region is given in the following

section 3.3.4.

The increasing vibration at 1416 cm−1 is interpreted as the δ(O−H) deformation vibra-

tion in combination with the ν(C−O) stretching vibration of carboxylic acids or phenols.

Strong hints at aliphatic or aromatic ether formation are given by the vibration at 1118

cm−1. This vibration might represent the aliphatic or aromatic ν(C−O) stretching vi-

bration of ethers. The presence of carboxylic acids is underlined by the appearance of an

absorption at 955 cm−1, indicating the out-of-plane deformation mode δ(O−H).

The decrease of the sharp maxima, which can be assigned to the aromatic ring vibrations,

points at partial ring-opening reactions. However, aromatic and unsaturated structures

are still present in the resulting aerosol particles, as indicated by the band at 1620 cm−1.

Therefore, the resulting organic molecules still contain higher-oxidized benzene fragments.

The comparison of the infrared transmission spectra of organic aerosols formed at dif-

ferent ambient conditions highlights functional di�erences not only resulting from di�erent

precursors, but also from di�erent experimental conditions (Figure 3.11). The transmis-

sion spectra were calculated by dividing the single spectra of the organic aerosols after 30

minutes reaction time by the single spectra of their respective precursors at the beginning

of the smog-chamber run.

The ν(C−H) stretching vibration of the aromatic hydrogens at 3063 cm−1 decreases

more markedly under wet conditions. This decrease appears to be the strongest with

the "wet" guaiacol aerosol. The absorptions at 3010, 2960, and 2855 cm−1, which only

appear in the guaiacol aerosol, are assigned to methyl ethers. This group is lost in the

course of the aerosol formation process, which is most pronounced under wet conditions.

Carbonyl-containing functional groups involving ν(C =O) absorptions between 1850 and

1690 cm−1 cannot be characterized in detail, because they are concealed by the infrared

absorption of water. The ν(C = C) stretching vibration of the aromatic ring at 1620
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3. SOA formation

Figure 3.11.: Long-path absorption infrared spectra of catechol and guaiacol compared to
SOA formed after 30 minutes at di�erent ambient conditions.

cm−1 for the catechol-derived aerosol is shifted to 1606 cm−1 for the guaiacol-derived

aerosol because of the higher total mass of the precursor molecule. The same shift occurs

for the aromatic stretching vibration at 1510 to 1507 cm−1.

The decrease of the phenolic group absorption at 1364 and 1325 cm−1 is visible for all �ve

ambient conditions employed, although the band at 1325 cm−1 is not visible in the spectra

of guaiacol aerosol. The aromatic ring deformation modes at 1272 and 1155 cm−1 also

decrease during the conversion of the precursor. Di�erences within this frequency range

agree with the lowered symmetry of guaiacol. The absorptions of all other main structural

elements and functional groups also showed signs of formation and degradation processes.

Main di�erences arise from the additional methyl-ether of guaiacol and therefore from the

reduced symmetry and the increased mass of the precursor.
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3.3. SOA from catechol and guaiacol

The most important observed absorptions indicating the formation or degradation of

functional groups and structural elements during SOA formation from catechol and gua-

iacol are summarized in table 3.5. This table only contains infrared absorptions observed

using long-path absorption FTIR spectroscopy.

Table 3.5.: Assignment of infrared absorptions from SOA from catechol and guaiacol using
long-path FTIR.

vibr. mode [cm−1] assignment
catechol SOA1 guaiacol SOA1

dark light light & wet light light & wet

ν(O−H) 3450 intra-molec. & -COOH m m m m m

ν(O−H) 3330 di�erent -OH m m m m m

ν(C−H) 3063 aromatic =CH m w m w w

ν(C−H) 3010 aliphatic −CHx of guaiacol m w

ν(C−H) 2960 aliphatic −CHx of guaiacol m w

ν(C−H) 2855 aliphatic −CHx of guaiacol m w

ν(C=O) 1792 esters, anhydrides &

carboxylic acids

s

ν(C=O) 1730 quinones & ketones s

ν(C=C) 2 aromatic, ole�nic 1620 1620 1620 1606 1606

ν(C=C) 2 aromatic ring vibr. 1510 1510 1510 1507 1507

δ(O−H) 1416 of -COOH s s m m m

ν(C−O) 1364 degradation of -OH m m m s s

ν(C−O) 1325 degradation of -OH m m m

δ(C=C) 1272 aromatic ring degradation m m m s s

δ(C=C) 1155 aromatic ring degradation m m m

ν(C−O) 1118 of R-O-Ar a m w w w w

δ(O−H) 955 -COOH m w w w w

a Ar - representing conjugated or aromatic structural elements; R - representing aliphatic or
substituted ole�nic structural elements

1 w = weak, m = medium, s = strong
2 shift of absorption depending on the precursor

73



3. SOA formation

Figure 3.12.: Infrared spectra of the formation of SOA from catechol studied in an aerosol
smog chamber (SC, temporal resolution 10 min) and an aerosol �ow reactor
(AFR, temporal resolution 1 s)

3.3.4. Spectroscopy of particle formation using the aerosol �ow reactor

Figure 3.12 shows a comparison between the time-dependent aerosol formation process in

the aerosol smog chamber and the aerosol �ow reactor. The time-resolved infrared spectra

of aerosol �ow-reactor experiments from catechol exhibit more details in the region of car-

bonyl vibrations (Figure 3.12). Again, the vibration of carboxylic acid anhydrides at 1790

cm−1 is still present, but not as intensive as in the long-path FTIR spectra. The broad

absorption at 1730 cm−1 resolves into two absorptions at 1753 and 1690 cm−1. The strong

absorption at 1690 cm−1 can be assigned to aryl ketones, quinones, or aryl carboxylic

acids (Socrates, 1980), representing the aromatic structural element of the resulting SOA

particles. This absorption may also arise from various compounds based on the struc-

ture of trans,trans-muconic acid, for which the carbonyl vibrations are reported at 1695

cm−1 (Bejan, 2006). The absorption at 1690 cm−1 can also be assigned to o-benzoquinone.

The infrared spectrum of p-benzoquinone, which should show only minor di�erences to the
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o-benzoquinone spectrum, is reported in the NIST/EPA gas-phase infrared database. The

weaker absorption at 1753 cm−1 is dominated by carbonyl vibrations of aromatic ring-

opening products. The vibrations might be attributed to α, β-unsaturated γ-lactones,

α, β-unsaturated acid peroxides or diaryl carbonates, and aryl or α, β-unsaturated esters.

In combination with the vibration at 1790 cm−1, the data reveal the presence of aryl

or α, β-unsaturated carboxylic acid anhydrides. The presence of cis,cis-muconic acid as

assumed by Bejan (2006) could not be con�rmed.

Figure 3.13.: Evolution of the carbonyl stretching region of SOA from catechol at varying
catechol/ozone ratios: A�1:0.5, B�1:1, C�1:1.5, D�1:5

The characteristics of the region of ν(C =O) stretching vibrations strongly depend on

the precursor/ozone ratio (Figure 3.13). At low ozone concentrations (catechol/ozone =
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Table 3.6.: Assignment of infrared absorptions from SOA from catechol using the
aerosol �ow reactor

vibr. mode [cm−1] assignment

ν(C=O) 1790 carboxylic acid anhydrides, carboxylic acids, and esters from ring opening

ν(C=O) 1755 aliphatic or α, β-unsaturated carbonyls from ring opening

ν(C=O) 1690 aryl ketones, quinones, or ole�nic carboxylic acids

1:0.5), the resulting carbonyl vibrations are dominated by aryl ketones and quinones or

carboxylic acids at 1690 cm−1. At concentrations of 1:1 and 1:1.5 (Figure 3.13 B and C),

the formation of unsaturated non-aryl carbonyl vibrations is balanced with those of the aryl

carbonyls. Finally, at high ozone concentrations (Figure 3.13 D), the region of ν(C =O)

is dominated by unsaturated carbonyl stretching vibrations at 1755 cm−1, resulting from

aromatic-ring opening. Thus, the aromatic fraction of the resulting organic aerosol strongly

depends on the ozone concentration as demonstrated by the characteristics of the ν(C=O)

region.

The aerosol formation process from catechol as a precursor appears to start with the

oxidation of the two hydroxyl groups, forming o-benzoquinone or derivatives of muconic

acids. Ring-opening processes, caused by oxidizing the carbonyls to carboxylic acids, and

further oxidation results in highly oxidized compounds, in which the α and δ carbons are

saturated (e.g. with hydroxyl groups). The entire aerosol spectrum is dominated by a

broad absorption of hydroxyl groups, which also play a role in chemical bonding by their

inter- and intramolecular hydrogen bonds. The presence of aromatic ν(C−H) and ν(C=C)

indicates remaining aromatic structural elements inside the particle.

3.3.5. Spectroscopy of functional groups of SOA particles

While long-path absorption FTIR spectroscopy and the use of an aerosol �ow reactor

allows a deep insight into precursor transformation and SOA formation processes based

on vibrational spectroscopy, these spectra always involve absorptions from the gas phase
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as well as the particulate phase. Therefore, ATR-FTIR spectroscopy and TPP-MS were

applied to study functional groups and structural features of the particulate matter alone.

SOA was prepared for FTIR and TPP-MS measurements at elevated concentrations, as

described in the experimental section. This did not cause any identi�able discrepancies

compared with reported natural samples or other HULIS models.

Di�erent formation pathways of SOA from catechol lead to di�erent chemical properties

of the resulting aerosol (Figure 3.14). According to the long-path FTIR spectra, the major

absorptions can still be assigned in the same manner. The aromatic structure of the

SOA is indicated by the −C =C− aromatic stretching vibration at 1620 cm−1. A broad

absorption in the range of the aromatic C−H stretching (3100�3000 cm−1) veri�es this

assumption. The aliphatic C−H stretching vibration at 2960 cm−1 is less pronounced

in the guaiacol aerosol. Also the absorptions at 860 and 740 cm−1, originating from the

= C−H out-of-plane deformations, belong to the aromatic system of the organic aerosol.

SOA from catechol formed at 0 % relative humidity without irradiation by the solar sim-

ulator exhibits a C=O stretching vibration at 1716 cm−1. This band indicates aryl aldehy-

des, α, β-unsaturated carboxylic acids, α, β-unsaturated aldehydes and α, β-unsaturated

esters. Under simulated sunlight conditions, this band shifts to 1740 cm−1, where the vibra-

tions of saturated ketones, aldehydes, and esters are located. Aromatic or α, β-unsaturated

esters in SOA formed in the dark might be indicated by the bands at 1716, 1295, 1196, and

1118 cm−1. Carboxylic acids are indicated by the ν(C = O) at 1740 cm−1, the ν(C −O)

and δ(O −H) at 1364, 1317, and 1295 cm−1, and the broad ν(O −H) from 3100 to 2500

cm−1. The ν(O−H) absorption below 3000 cm−1, coupled to the carbonyl stretch at low

wavenumbers, observed for all samples, also gives hints at the formation of carboxylic acid

dimers (Exco�on and Marechal, 1972; Florio et al., 2003).

Absorptions in the range of 3200�2500 cm−1 might belong to intramolecularly bonded

ortho-phenols and the O−H stretching vibration of carboxylic acids. The broad structured

absorption between 1400 and 1000 cm−1 implies O−H deformation and C−O stretching

vibration combinations of aliphatic and aromatic alcohols. The band at 1196 cm−1 ob-
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Figure 3.14.: ATR-FTIR spectra of particulate matter of SOA from catechol and guaiacol
at various ambient conditions

served for all SOA samples might, apart from structural features, also belong to the C−O

stretching vibration of aromatic ethers or phenols. Hence, the absorption at 1045 cm−1,

which is masked by ozone in the gas-phase long-path absorption spectra, might belong to

the aliphatic C−O stretching vibration of aliphatic-aromatic ethers. Similar absorptions

of carbonyls and aromatic rings were found for photo-degraded tannic acid as a model for

HULIS (Cowen and Al-Abadleh, 2009) or for SRFA (Hatch et al., 2009).

ATR spectra of SOA from guaiacol show the asymmetric stretch (2960 cm−1) and asym-

metric deformation (1440 cm−1) of the −CH3 group. The intensity of those vibrations

is reduced under wet conditions, because the −CH3 group is destroyed by reaction with

the OH radicals, a process that is commonly known from the atmospheric degradation of

aliphatic compounds (Seinfeld and Pandis, 2006). All other bands can be assigned in the

same way as for the catechol experiment.
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3.3. SOA from catechol and guaiacol

By interpreting the ATR-FTIR spectra of the di�erent SOA formed, the infrared group

frequencies could be assigned to the functional groups listed in table 3.7.
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3. SOA formation

Table 3.7.: Assignment of infrared absorptions of SOA from catechol and guaiacol using
ATR-FTIR

vibr. mode [cm−1] assignment
catechol SOA1 guaiacol SOA1

dark light light & wet light light & wet

ν(O−H) 3450 intramolecular m m m m m

ν(O−H) 3330 various m m m m m

ν(C−H) 3090 aromatic =CH m w w w w

ν(C−H) 2960 asym. aliphatic −CH

and −CHx

m w w m w

ν(C−H) 3200 -

2500

intramolec. phenols or

carboxylic acids

m m w w w

ν(= O · · ·H−) 2600 R/Ar-COOH dimers a m w w w w

ν(C=O) 1740 ole�nic and saturated s s s s

ν(C=O) 1716 aryl and unsaturated s

ν(C=C) 1620 aromatic, ole�nic m m m m m

δ(C−H) 1440 aliphatic −CH and

−CHx

m w w w w

ν(C−O) 1364 carboxylic acids or

alcohols

m m m s s

ν(C−O),

δ(O−H)

1317 carboxylic acids or

esters

m m m s s

ν(C−O),

δ(O−H)

1295 carboxylic acids or

esters

m m m

ν(C−O) 1196 Ar-OH, Ar-O-Ar,

R-COO-R

m m m m m

ν(C−O) 1118 of R-O-Ar a or esters m w w w w

ν(C−O) 1045 of R-O-Ar or R-O-R a m w w w w

δ(C−H) 860 = C−H out-of-plane

def.

w w w w w

δ(C−H) 740 = C−H out-of-plane

def.

w w m w m

a Ar - representing conjugated or aromatic structural elements; R - representing aliphatic or
substituted ole�nic structural elements

1 w = weak, m = medium, s = strong
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3.3. SOA from catechol and guaiacol

TPP-MS (for details see 2.6) was used to determine oxygen-containing functional groups.

The background-corrected TPP mass spectra of the �ve aerosol types are well structured

for the masses 17 (OH), 28 (CO) and 44 (CO2) (Figure 3.15). Peaks below 150 ◦C were

not assigned because of outgassing of physically adsorbed molecules, like H2O, N2, CO

and CO2, which might pollute the signals of pyrolyzing functional groups. Based on the

thermal stability of oxygen-containing functional groups and their fragments (Muckenhuber

and Grothe, 2006), peak maxima and relative peak intensities have been assigned to the

di�erent aerosol types (Table 3.8).

Figure 3.15.: TPP-MS signals of the main masses for oxygen-containing functional groups
observed as a function of temperature for the �ve di�erent SOA

Two thermal instabilities of carboxylic acids occur at 270 and 340 ◦C. There are small

di�erences in the relative intensities of those two acids. The m/z = 44 signal assigned
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3. SOA formation

Table 3.8.: Strength of the TPP-MS signals of functional groups
at their respective decomposition temperatures for the
�ve di�erent SOA
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Decomposition temperatures 270 320 460 620 680 680 860

SOA catechol dark1 s w w s w w s

SOA catechol light2 ↓ = ↑ = = = ↓

SOA catechol light and wet2 ↓ ↑ = = ↑ = ↓

SOA guaiacol light2 = ↑ ↑ = = = −

SOA guaiacol light and wet2 ↓ ↑ = ↓ = = ↓
1 Intensity of the mass signals: s = strong, w = weak
2 The relative intensities are given in relation to SOA from catechol
formed in the dark, and their intensities are indicated by the following
symbols: stronger (↑), equal(=), weaker (↓), not observed (−).

to lactones or esters is very intense for all aerosol particles except for SOA from guaiacol

formed under light and wet conditions. Further carboxylic anhydrides, phenols, carbonyls,

and quinones are visible in the TPP mass spectra. Ethers might decompose at 680 ◦C, but

the respective m/z = 28 signal is rather small.

The thermal analysis of functional groups is in good agreement with the vibrational spec-

tra, con�rming that highly oxidized functional groups play a major role, but demonstrating

that lower oxidized groups are also present in the aerosol particles. When the oxidation

reaction is enhanced by changed environmental conditions, carboxylic acids, which decom-

pose at higher temperature (320 ◦C), increase. However, carboxylic acids decomposing at

lower temperatures (270 ◦C) as well as carbonyls and quinones decrease. Minor increases

were observed for carboxylic anhydrides and phenols. The amount of lactones or esters

appears to be unchanged for di�erent simulated environmental conditions.
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3.3. SOA from catechol and guaiacol

3.3.6. Optical properties

(a) SOA catechol �lter (b) SOA guaiacol �lter

(c) Di�use-re�ectance UV/VIS absorbance spectra of the precursors

Figure 3.16.: Di�use-re�ectance UV/VIS spectra of SOA from catechol and guaiacol, ab-
sorbance spectra of the precursors, and images of SOA samples

The di�use-re�ectance UV/VIS spectra of the di�erent aerosol particles from catechol

and guaiacol are dominated by an extremely broad absorption up to 600 nm (Figure

3.16(c)), which is in good agreement with the brown color of these samples (Figure 3.16(a)

and 3.16(b)). Individual electronic transitions can barely be distinguished due to this

broad absorption, underlining the fact that numerous types of conjugated bonds exist in

the SOA. The main absorptions of the two precursors catechol and guaiacol in the UV

range are located at about 220 and 275 nm. They are related to the π → π∗ transition of

the aromatic system and the n → π∗ transition of the lone pairs of the hydroxyl group.
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3. SOA formation

Within the above-mentioned broad absorption of the organic aerosol particles, three main

absorptions occur at 212, 254, and 333 nm, which are present in all di�erent types of

organic aerosol from catechol and guaiacol. One additional absorption at 292 nm is only

present in SOA from catechol formed in the dark. This transition seems to be destroyed

by UV/VIS radiation.

The UV/VIS spectra are in good agreement with other aromatic-precursor oxidation

studies (Gelencser et al., 2003; Ho�er et al., 2004). Especially the π → π∗ electron transi-

tion at about 260 nm is similar to that of natural HULIS samples (Baduel et al., 2009).

The samples shown in �gure 3.16(a) and 3.16(b) were prepared at 25 % relative humidity

using simulated sunlight. As visible in �gure 3.16(c), the catechol SOA is a stronger

absorber towards higher wavelengths than the guaiacol SOA.

All traces shown in �gure 3.16(c) exhibit a nearly linear decrease towards the red end of

the spectrum if the absorbance is plotted on a logarithmic scale.

3.3.7. Ultra-high-resolution mass spectra of SOA from catechol and

guaiacol

The use of ultra-high-resolved mass spectroscopy allowed to determine single compounds

of the organic aerosols and to classify the SOA according to Van Krevelen diagrams (H/C

ratio versus O/C ratio).

The methanol extracts of the �lter samples exhibit a Gaussian distribution of the peaks

between 150 and 900 m/z (Figure 3.17 (a)) in negative-mode electrospray ICR-FT/MS.

The main region is between 200 and 450 m/z. The polymers show thousands of signals for

which individual CHO elementary compositions were computed. Due to the high resolution

of the mass signals, the composition can be calculated based on the mass defect of the

individual elements. The chemical diversity of the samples formed in the presence of light is

signi�cantly increased for both catechol- and guaiacol-based mixtures; humidity, however,

did not have the same impact. The main m/z ratio of 200�450 of organic molecules in the
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3.3. SOA from catechol and guaiacol

Figure 3.17.: Ultra-high-resolution mass spectra (a) and Van Krevelen diagrams (b) of the
di�erent SOA samples

SOA particles is closer to natural HULIS samples than SRFA (Graber and Rudich, 2006),

and is comparable to other SOA samples from photo-oxidation (Kalberer et al., 2004). The

mass spectra in �gure 3.17 (a) also exhibit a polymeric structure, revealed by the regular

appearance of strong signals. This is also in good agreement with the reported polymeric

structures of SOA (Kalberer et al., 2004).

The distribution of the peaks in ICR-FT/MS is very similar for the catechol- and

guaiacol-aerosol extracts. A detailed description on the elementary composition level shows

signals that are typical of the catechol or guaiacol precursors.

Hundreds of calculated elemental compositions were transformed into atomic H/C and

O/C ratios for the plotting of Van Krevelen diagrams (Hertkorn et al., 2007, 2008). Based

on only one molecular precursor, the resulting aerosols cover a major part of the allowed

CHO compositional space. Previous ICR-FT/MS analyses on organic aerosols obtained

from chamber experiments based on α-pinene ozonolysis permitted the di�erentiation of

various monomers to oligomers (Reinhardt et al., 2007); in that case, however, the mixtures
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3. SOA formation

were characterized with H/C values ranging continuously from 0.5 to 1.5 and O/C values

ranging from 0.3 to 1 with gradual changes in peak intensity with increasing oxygen content.

This behavior is typical of the catalyzed oxidative polymerization of these phenols to

polyphenols, as described in the early days of soil humic-substance chemistry (Stevenson,

1994). Organic aerosol from catechol and guaiacol is typically characterized by high oxygen-

to-carbon ratios (Figure 3.17 (b)), indicating the presence of highly-oxidized benzenes or

conjugated ole�ns. Catechol-based mixtures also di�er signi�cantly from guaiacol (Figure

3.17 (b)), with signals of higher intensity being a�liated a lower oxygen content and

higher aromaticity. The O/C ratio located between 0.3 and 1 is in good agreement with

the reported O/C ratios for LV-OOA (low-volatile oxidized organic aerosol) and SV-OOA

(semi-volatile OOA) (Jimenez et al., 2009). Furthermore, the mean value of 0.6�0.7 �ts

the described oxidation state of atmospheric HULIS very well, although the measured H/C

ratio of about 1 is lower than the reported value of 1.6�1.7 (Graber and Rudich, 2006).

The H/C ratio is in good agreement with the commonly used proxy SFRA (Dinar et al.,

2006).

Based on the chemical structure of the precursors, hydrogen-to-carbon ratios above 1

and high oxygen contents can only be explained by condensation reactions and the addition

of hydroxyl groups to the unsaturated carbon structure, which is con�rmed by the broad

ν(O−H) absorption in the FTIR spectra.

The use of ultra-high-resolution mass spectroscopy (example of data is given in �gure

3.18) gave access to the calculation not only of O/C and H/C ratios, but also the carbon

oxidation state OSC according to equation 1.1. The calculated ranges of these parameters

are summarized in table 3.9.

Table 3.9.: Calculated ranges of mass-spectroscopic values of SOA

aerosol O/C ratio H/C ratio OSC nC

SOA from catechol 0.44 - 1 0.57 - 1.04 -0.13 - 0.91 11 - 31

SOA from guaiacol 0.44 - 1.2 0.57 - 1.09 -0.13 - 1.6 10 - 27
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3.3. SOA from catechol and guaiacol

Figure 3.18.: Examples of elemental compositions determined by ICR-FT/MS
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4. Molecular processing

Model halogenation was used to determine the in�uence of some common halogen species

on the di�erent types of organic aerosol without involving the complex reaction scheme of

halogen activation and release from heterogeneous surfaces.

To study the aerosol-halogen interaction process, the well-characterized organic aerosols

(see chapter 3) were exposed to gaseous molecular halogens, which were photolyzed by

UV/VIS irradiation. These model halogenations were compared to SOA halogenation

processes by halogens released from sea-salt aerosol and from a simulated salt pan (see

chapter 5).

4.1. Experimental setup

Model halogenations were performed using the 700 L aerosol smog chamber (see chapter 2).

For the preparation of bromine and chlorine radicals, molecular bromine (Fluka, 196050,

puriss., > 99.0 %) and molecular chlorine (Aldrich, 295132-454G, > 99.5 %) were used.

All organic aerosols were formed by gas-to-particle partitioning in situ in the aerosol

smog chamber under simulated sunlight, ozone, and two di�erent relative humidities (0

and 25 %) as described in chapter 3.

After one hour of aerosol formation, a stoichiometric amount (1 precursor molecule to

1 halogen molecule) of molecular bromine or chlorine was added into the aerosol smog

chamber.
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4. Molecular processing

Experiments to study the in�uence on the aerosol size distribution were performed using

300 ppb aerosol precursor, 1 ppm ozone, and 300 ppb molecular halogen. To achieve an

adequate amount of particulate matter for the physicochemical analysis, 5 ppm of the

aerosol precursor, 20 ppm of ozone, and, after one hour of aerosol formation, 5 ppm of

molecular halogen were added.

The dosing of the halogens is described in detail in section 2.9.

4.2. In�uences on aerosol size and particle number

distributions

The aerosol size distribution of the organic model aerosols is strongly in�uenced by the

interaction with the halogen (Figure 4.1). The addition of halogen causes an increase of the

mean particle diameter, which was observed for nearly all aerosols studied. The observed

increase is stronger for the reaction with chlorine than for the reaction with bromine. While

this result fully describes the behaviour of catechol-derived SOA, SOA from guaiacol and

α-pinene exhibit some special features. In general, in�uences of chlorine on the aerosol size

distributions are stronger than of bromine. The reaction with SOA from α-pinene also is

an exception in this case.

The reaction of chlorine with SOA from guaiacol leads to a bimodal size distribution

with a second maximum at small particle diameters. Due to the fact that a methyl-ether

group is the only di�erence between the catechol and the guaiacol precursor, the formation

of this maximum is related to the methyl-ether group. This second mode is not observed

for the reaction with bromine. The formation of this mode appears to be caused by a very

high supersaturation of the remaining gas-phase species of the oxidized organic precursor.

In general, the formation of low-volatile compounds from gas-phase species is indicated by

the increase of the main particle diameter. In case of guaiacol, a large amount of oxidized

precursor appears to be available during the reaction with chlorine. The reaction of these

precursors with chlorine species causes a supersaturation too high to be reduced only by
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4.2. In�uences on aerosol size and particle number distributions

condensing on already existing aerosol particles. Therefore, condensation of the available

low-volatile material leads to a second maximum of the size distribution.

Figure 4.1.: Change of the mean particle diameter of organic aerosols by the reaction with
gaseous halogens (L: SOA formed under simulated sunlight at 0 % relative hu-
midity; LW: SOA formed under simulated sunlight at 25 % relative humidity),
with the vertical lines marking the injection of the halogen after 60 minutes
aerosol formation.

Although the mean particle diameter increases by the reaction of halogens with the or-

ganic aerosol from catechol and guaiacol, another phenomenon occurs during the reaction

of α-pinene SOA with the halogen species. The mean diameter increases immediately af-

ter addition of the halogen, but remains constant (at 0 % relative humidity) or decreases

slightly (at 25 % relative humidity) afterwards. The reduction of the mean particle di-

ameter is stronger for the reaction with bromine than for the reaction with chlorine. The

shift of the aerosol size distribution maximum to smaller sizes for SOA from α-pinene after

reaction with halogen species might be caused by the abstraction of hydrogens from the

aliphatic −CH3 and −CH2− groups.

Thus, the evolution of the aerosol size distribution for di�erent organic aerosols reacting

with halogens is not only depending on the halogen (chlorine or bromine) and the relative
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humidity, but also on the chemical composition of the organic aerosol. The chemical

structure of the organic precursor, and therefore the structural and functional features

of the resulting secondary organic aerosols, strongly in�uence the evolution of the mean

particle diameter. The in�uence of the change of the hygroscopicity of the organic-aerosol

surface or the available oxidized precursor on the change of the aerosol size distribution is

not yet understood.

The increase of the mean aerosol size, observed for nearly all samples, might be caused by

the formation of further low-volatile compounds due to the halogenation of gaseous organic

species and condensation on the existing aerosol particles. The formation of the second

particle mode for SOA from guaiacol can be related to the methyl-ether group, either

to an abstraction of the group or to supersaturation by the fast generation of oxidized

compounds. An additional abstraction process causes the decrease of the mean particle

diameter, observed for SOA from α-pinene. Hydrogen abstraction and degradation of

aliphatic structural elements could be the reason for the di�erent behavior of SOA from

α-pinene.

4.3. Changes in the vibrational gas-phase and particle-phase

spectra

During the reaction of the two halogens with the organic aerosols several changes of gaseous

species occur, identi�ed by long-path absorption spectroscopy (Figure 4.2). Due to the

rather low spectral resolution compared to commonly used resolutions for gas-phase in-

frared spectra, only a few gas-phase species were identi�ed by their vibrational-rotational

spectrum. For species which could not be resolved, the characteristic P(Q)R-structure of

their absorptions was used to ascertain their gaseous state.
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4.3. Changes in the vibrational gas-phase and particle-phase spectra

(a) SOA from catechol

(b) SOA from guaiacol

(c) SOA from α-pinene

Figure 4.2.: Long-path infrared spectroscopy of the heterogeneous reaction of the di�erent
organic aerosols with molecular halogens; L: SOA formed under simulated
sunlight at 0 % relative humidity; LW: SOA formed under simulated sunlight
at 25 % relative humidity)
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After adding the halogens, a strong increase in CO2 is monitored (2349 and 668 cm−1).

At the same time, ozone, which was not totally consumed by the aerosol formation process,

decreases (1044 cm−1). Furthermore, HCl or HBr, respectively, is formed. Gaseous HCl,

with ν(H−Cl) at 2887 cm−1, is formed to a greater extent than HBr, with ν(H−Br)

at 2559 cm−1. While CO2 and HCl or HBr increase, aromatic and aliphatic ν(C−H)

decrease.

This is observed for all three model aerosols: SOA from catechol (Figure 4.2(a)) only

exhibits the aromatic ν(C−H) at 3050 cm−1, SOA from guaiacol (Figure 4.2(b)) the

aromatic ν(C−H) at 3050 cm−1 as well as the aliphatic ν(C−H) of the −CH3 of the

methyl-ether group between 2800 and 3000 cm−1. The aliphatic ν(C−H) of the −CH3

groups of SOA from α-pinene (Figure 4.2(c)) also decreases under the in�uence of halogens.

The prominent absorption at 740 cm−1 of SOA from guaiacol (δ(C−H)out−of−plane (Ofner

et al., 2011)) also seems to decrease. Furthermore, CO with its absorption at 2143 cm−1 is

formed for all di�erent aerosols and under all ambient conditions.

In contrast to all other experiments, CO was consumed by further reactions for the reac-

tion of SOA from catechol with chlorine at 0 % and 25 % relative humidity. Furthermore,

an additional absorption at 850 cm−1 occurs. This absorption shows the P-and-R branch

structure of a gaseous species and can be assigned to phosgene (point group C2v). The

associated ν(C =O) at 1827 cm−1 could not be identi�ed because the spectral region of

the carbonyl stretching vibrations was not recorded.

At 1106 cm−1 , an absorption of a gas-phase species with PQR-structured branches

is visible in each long-path absorption spectrum. This absorption sometimes decreases

or increases. The assignment of this vibration to a speci�c molecule was not possible.

It might be formic acid, which as a very strong ν(C−O) at 1105 cm−1. The strong τ

vibration at 638 cm−1 might be concealed by CO2, and all other vibrations are weak or

within the carbonyl-stretching region (Shimanouchi, 1972). All other absorptions were

assigned to gaseous species based on reported group frequencies (Siebert, 1966). A list of
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Table 4.1.: Assignment of decrease and increase of infrared absorptions of the three dif-
ferent SOA reacting with halogens measured by long-path absorption infrared
spectroscopy

vibr. mode [cm−1] assignment
SOA catechol1 SOA guaiacol1 SOA α-pinene1

L2 LW2 L LW L LW

Reaction with chlorine

ν(C−H) 3050 aromatic C−H wD wD

ν(C−H) 3000�

2880

aliphatic C−H sD sD sD sD

ν(H−Cl) 2887 gaseous HCl sF wF wF wF wF wF

ν(C=O) 2349 Fermi resonance of

CO2

sF sF sF sF sF sF

ν(C=O) 2143 CO wD wD wF wF wF wF

ν(C−O) 1106 possibly formic acid sD sD sD sD wF wF

νas(C−Cl) 851 possibly phosgene wF wF

δ(O=C=O) 668 CO2 sF sF sF sF sF sF

Reaction with bromine

ν(C−H) 3050 aromatic C−H sD wD

ν(C−H) 3000�

2880

aliphatic C−H wD wD sD wD

ν(H−Br) 2559 gaseous HBr wF wF sF wF wF wF

ν(C=O) 2349 Fermi resonance of

CO2

sF sF sF sF sF sF

ν(C=O) 2143 CO sF wF sF sF sF wF

ν(C−O) 1106 possibly formic acid wF wD wF sF wF

δ(O=C=O) 668 CO2 sF sF sF sF sF sF

1 wF = weak formation, sF = strong formation, wD = weak destruction, sD = strong destruction
2 L = SOA formed at 0 % relative humidity and simulated sunlight; LW = SOA formed at 25 %
relative humidity and simulated sunlight
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the most signi�cant changes observed in the long-path absorption infrared spectra during

the reaction of the model SOA with halogens is given in table 4.1.

4.4. Changes in the vibrational spectra of the particulate

phase by reaction with halogens

To investigate the transformation of functional groups, ATR-FTIR spectroscopy of the

particulate phase of the aerosol deposited on KRS5 crystals was performed (Figure 4.3).

The infrared spectra of the particulate phase of the model aerosols have been reported in

section 3.2.4 (SOA from α-pinene) and section 3.3.5 (SOA from catechol and guaiacol).

After reacting with halogens, signi�cant changes occur in the infrared spectra of the

aerosols. While the ν(C=O) absorption is the most prominent for the untreated aerosols,

this vibration is less intensive after the reaction. The spectra of all SOA exhibit two bands

at 1372 and 1303 cm−1 after treatment with halogens. In the case of catechol-derived

SOA these bands are the most prominent in the spectrum. According to the literature

(Shevchenko, 1963; Baes and Bloom, 1989; Ofner et al., 2011), these absorptions can be

assigned to carboxylic acids, carboxylic acid salts, and other ν(C−O) vibrations of aromatic

or aliphaticR−OH, R−COO−R, orR−O−R. Flett (1962) reports a strong absorbance for the

symmetric stretching vibration of −CO−2 of carboxylic acid salts of small molecules close

to this region. The lowered intensity of the carbonyl stretch vibration, as observed in the

present study, was reported by Rontu and Vaida (2008). In their investigation of per�uoro-

carboxylic acids, the most prominent absorption between 1000 and 1400 cm−1 seems to be

the ν(C−F ), but also the ν(C−O) is more intensive than the ν(C=O). Hence, halogens

seem to signi�cantly in�uence carboxylic acids of SOA by degradation or by changing their

vibrational properties as α- or β-substituent.
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4.4. Changes in the vibrational spectra of the particulate phase by reaction with halogens

(a) SOA from catechol

(b) SOA from guaiacol

(c) SOA from α-pinene

Figure 4.3.: ATR-FTIR spectra of the particulate phase of the aerosol after reaction with
halogens; L: SOA formed at 0 % relative humidity and simulated sunlight;
LW: SOA formed at 25 % relative humidity and simulated sunlight)
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Table 4.2.: Assignment of absorptions observed in the ATR spectra of the three di�erent
SOA reacting with halogens

vibr. mode [cm−1] assignment
SOA catechol1 SOA guaiacol1 SOA α-pinene1

L2 LW2 L LW L LW

Reaction with chlorine

ν(C−O) 1380-1300 carboxylic acids or

their salts

s m

ν(C−Cl) 800-700 w m w w w

Reaction with bromine

ν(C−O) 1380-1300 carboxylic acids or

their salts

s s w m s m

ν(C−Br) 609-602 m s w s m w

1 w = weak, m = medium, s = strong
2 L = SOA formed at 0 % relative humidity and simulated sunlight; LW = SOA formed at 25 %
relative humidity and simulated sunlight

Absorptions between 700 and 800 cm−1 have been reported for SOA from catechol as

well as from guaiacol (section 3.3.5 or Ofner et al. (2011)), if the SOA was formed at 25

% relative humidity and simulated sunlight. For α-pinene, the lowest observed absorption

is located at 854 cm−1 (section 3.2.4 or Sax et al. (2005)). The ATR spectra of treated

SOA from catechol also exhibit strong absorptions between 800 and 700 cm−1, also for

SOA formation and reaction at 0 % relative humidity. This absorption can be assigned to

alcohols or carboxylic acids, but in the case of treatment with chlorine also to the ν(C−Cl)

vibration (Socrates, 1980). Similar, but weaker, absorptions were observed for SOA from

guaiacol and α-pinene. During the reaction with bromine, an additional absorption was

observed at 609�602 cm−1 for all three kinds of SOA, which can be assigned to the ν(C−Br)

vibration. Therefore, the most signi�cant changes of the vibrational spectra of organic

aerosols through treatment with halogens are observed for the reaction with bromine,

which in�uences carboxylic acids, and results in absorptions in the ν(C−Br) region.
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4.5. Identi�cation of halogenated compounds in the particle

phase

TPP-MS was used to determine the presence of halogenated species in the particle phase

(Figure 4.4). For each halogen atom (chlorine and bromine), the masses of the two stable

isotopes were used to calculate the isotopic ratio. Halogenated compounds could be mea-

sured in thermal regions were decomposing compounds exhibit an isotopic ratio close to

the natural one, which is 0.32 for chlorine (37Cl/35Cl) and 0.97 for bromine (81Br/79Br).

The mass ratios were plotted as a function of temperature to determine the release of

atomic chlorine and bromine from the SOA samples.

Figure 4.4.: TPP-MS spectra of the masses 35, 37, 79 and 81, representing 35Cl, 37Cl,
79Br, and 81Br, and the calculated mass ratio (dotted) to determine thermal
regions were the isotopic ratios can be found (L: SOA formed at 0 % relative
humidity and simulated sunlight; LW: SOA formed at 25 % relative humidity
and simulated sunlight)

Most of the samples exhibit strong peaks of these masses between 100 and 400 ◦C. These

peaks correlate well with the isotopic ratio of bromine. The correlation with chlorine is
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weak, but a signi�cant decrease of the mass ratio close to the isotopic ratio could also

be determined. The poor correlation between the 37Cl/35Cl ratio and the isotopic ratio

can be explained by a lower amount of bound chlorine and by a higher in�uence of other

fragments, which thermally decompose, in this mass range. All halogens exhibit a rather

low thermal stability, and therefore a weak bond with the macromolecular structure of the

particulate matter.

Figure 4.5.: TPP mass spectra of SOA from catechol (LW) between 75 and 85 amu: The
masses of the halogen atoms (79Br and 81Br) correlate with those of HBr
(80M and 82M).

Hydrohalogens seem to be the main gases released from the samples, as indicated by

�gure 4.5. The release is caused by either the desorption of absorbed hydrohalogens or

by the decomposition of halogen-containing functional groups and subsequent recombina-

tion of halogen atoms with hydrogen atoms. Other species, like phosgene, were not be

observed in the mass spectra. While Gaussian desorption peaks would indicate a purely

physical desorption of the adsorbed species, more structured peaks with no Gaussian shape

point to an in�uence of di�erent thermally stable functional groups. Therefore, most of

the desorption processes of halogens shown in �gure 4.4 can be assigned to fragments of

covalently-bonded halogens.
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4.5. Identi�cation of halogenated compounds in the particle phase

The reactions with bromine result in a second peak at higher thermal stabilities (350

◦C). These two peaks are most prominent for SOA from α-pinene. Thus, two di�erent

kinds of bonding of bromine to the macromolecular structure of the SOA were identi�ed

in the case of SOA containing aliphatic structural elements.

The release of the halogen species, veri�ed by the isotopic ratios, in the thermal region

where carboxylic acids desorb (Muckenhuber and Grothe, 2006) could explain the appear-

ance of the prominent absorptions in the ATR spectra, which are linked to carboxylic acids

or carboxylic acid salts. Hence, an interaction between halogens and the carboxylic acids

of SOA is likely.

The kind of halogenation was also studied using ultra-high-resolution mass spectroscopy

of �lter samples after reaction with the halogens at 0 % relative humidity and simulated

sunlight (Figures 4.6, 4.7 and 4.8). Halogenation products occurred at nearly all m/z and

O/C ratios. The reaction of bromine with SOA is more e�cient than the reaction with

chlorine (Table 4.3). The reactions of chlorine or bromine with catechol or guaiacol lead

to compounds with higher H/C ratios compared with the original precursor (H/C up to

2). While the chlorinated compounds are located at rather low m/z ratios (250�450),

brominated compounds with an H/C ratio of about 2 could be found from 450 to 850

m/z. Furthermore, an increase in halogenation could be observed from purely aromatic

structures to aliphatic structures (Table 4.3). While this increase seems to be in contrast

to the halogen-containing vibrations observed by ATR-FTIR spectroscopy, the observed

bands are not only correlated to the amount of halogenated compounds, but they also

depend on the chemical neighbourhood of the bonded halogens.
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4. Molecular processing

Figure 4.6.: Van Krevelen diagrams of halogenated SOA from catechol formed at 0 %
relative humidity and simulated sunlight

Table 4.3.: Degree of halogenation of SOA formed at 0 % relative humidity and simulated
sunlight

Elemental composition of molecules SOA catechol SOA guaiacol SOA α-pinene

CHO 100 % 100 % 100 %

CHOCl 3 % 15 % 33 %

CHOBr 30 % 53 % 66 %
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4.5. Identi�cation of halogenated compounds in the particle phase

Figure 4.7.: Van Krevelen diagrams of halogenated SOA from guaiacol formed at 0 %
relative humidity and simulated sunlight

Figure 4.8.: Van Krevelen diagrams of halogenated SOA from α-pinene formed at 0 %
relative humidity and simulated sunlight
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4. Molecular processing

4.6. Parameters of processed SOA calculated from

ICR-FT/MS spectra

Based on the available data acquired by ultra-high-resolution mass spectroscopy (example

given in �gure 4.9(b)), the main parameters of the processed SOA were calculated. The

observed mass ranges of the processed SOA (example given in �gure 4.9(a)) are comparable

to the unprocessed SOA (see section 3.3.7).

The main ranges of these parameters are summarized in table 4.4. While the available

data only gave access to carbon numbers of up to 16, higher numbers of carbon atoms is

also likely (see table 3.9). This assumption is based on the comparison of �gure 3.17 (a)

with �gure 4.9(a).

Table 4.4.: Main parameters of processed SOA, calculated from ICR-
FT/MS spectra

aerosol O/C ratio H/C ratio OSC nC

SOA catechol + Cl 0.31�0.67 0.81�1.08 -0.19�0.25 12�16

SOA catechol + Br 0.55�1.2 0.9�1.67 0�1.6 5�11

SOA guaiacol + Cl 0.31�0.67 0.6�1.08 -0.13�(-0.33) 12�16

SOA guaiacol + Br 0.6�1.2 0.9�1.67 0�1.6 5�10

SOA α-pinene + Cl 0.33�0.54 1.31�1.67 -0.93�(-0.15) 13�15

SOA α-pinene + Br 0.42�0.83 1.18�2 -0.5�0.6 6�12
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4.6. Parameters of processed SOA calculated from ICR-FT/MS spectra

(a) Mass ranges

(b) Elemental composition

Figure 4.9.: Example of mass ranges and of elemental composition of SOA from catechol
processed with halogens
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4. Molecular processing

4.7. Changes in the aerosol optical properties

The optical properties in the UV/VIS spectral range are strongly in�uenced by the reac-

tion with halogens. The di�use-re�ectance UV/VIS spectra of organic aerosols from the

aromatic precursors catechol and guaiacol, reported in chapter 3, reveal strong changes in

the absorption maxima resulting from the reaction with halogens (see �gure 4.10).

Figure 4.10.: Changes in the optical properties in the UV/VIS spectral range of organic
aerosols due to the reaction with gaseous halogens (L: SOA formed at 0 %
relative humidity und simulated sunlight; LW: SOA formed at 25 % relative
humidity and simulated sunlight)
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4.7. Changes in the aerosol optical properties

The main absorptions at 222 and 275 nm of the unprocessed SOA shift to 210 and 250

nm after the reaction with chlorine species. The broad absorption below 600 nm is lowered

in intensity and shifted to wavelengths below 400�450 nm. The e�ect of bromine on the

di�use-re�ectance UV/VIS spectrum is totally di�erent. While the main absorption of

unprocessed SOA and SOA reacted with chlorine species is located at 220 or 210 nm , re-

spectively, SOA reacted with bromine species exhibits the maximum of absorption between

300 and 350 nm. Furthermore, the overall absorption intensity in the visible spectrum is

signi�cantly enhanced for long wavelengths.

SOA from α-pinene does not exhibit these strong in�uences. The reaction with halogens

only results in small changes in the di�use-re�ectance UV/VIS spectrum. The absorptions

at long wavelengths is slightly enhanced after reaction with bromine.

By calculating a di�erential absorbance, changes in the optical absorbance are empha-

sized (see �gure 4.11). After normalizing the single absorbance spectra to an absorbance

of 1 at a wavelength of 200 nm, the di�erential absorbance dA was calculated according

to equation 4.1, where F (R)∗n is the normalized absorption spectrum (according to the

Kubelka-Munk theory) of the aerosol after the reaction with the halogen, and F (R)n is the

normalized absorption spectrum (also according to Kubleka-Munk) of the aerosol before

the reaction.

dA = F (R)∗n − F (R)n = −lg I
∗

I0
+ lg

I

I0
= lg

I

I∗
(4.1)

The di�erential absorbance clearly indicates changes according to the electronic structure

caused by the heterogeneous reaction of organic aerosols with halogens (see �gure 4.11).

The aromatic aerosols exhibit a negative dA at about 300 nm for the reaction with chlorine,

which can be related to a "bleaching" of the aerosol. The highest maximum of absorption

is shifted towards the red end of the UV/VIS spectrum. The more aliphatic SOA from

α-pinene does not exhibit this behavior. Some compounds not yet identi�ed are formed

by the reaction with chlorine, which show absorbance in the region up to 350 nm.
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4. Molecular processing

Figure 4.11.: Changes in the di�erential absorbance dA due to the reaction of the organic
aerosols with chlorine and bromine

The reaction with bromine shifts the absorption of all three aerosols up to 30 nm towards

the red end of the spectrum. This behavior is especially pronounced for the aromatic SOA

from catechol and least pronounced for the aliphatic SOA from α-pinene. The redshift

is also observable for the �lter samples. SOA processed with bromine exhibits a reddish

brown to golden color.

The UV/VIS absorption of aromatic aerosols is more strongly in�uenced by halogens

than the absorption of aliphatic aerosol from α-pinene. Hence, the interaction of atmo-

spheric HULIS with halogen species signi�cantly changes the absorption properties and,

as a result, the interaction with solar radiation.
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5. Simulated natural processing

The well-de�ned SOA models reported in chapter 3 were exposed to halogens generated

by simulated natural halogen-release mechanisms. Two di�erent setups were chosen for

these investigations: halogens released from a simulated salt pan and halogens released

from sea-salt aerosol.

Due to the rather low SOA concentrations and the high concentrations of other matrix

compounds (e.g. salt from the sea-salt aerosol) the physicochemical methods described in

chapter 2 are not applicable.

The two halogen release mechanisms are described in detail in section 1.5.1. Long-path

absorption FTIR spectroscopy could not be used because there is no White cell installed

in the Te�on chamber, and because the relative humidity used in the sea-salt aerosol

experiments was too high.

5.1. Processing with halogens released from a simulated salt

pan

5.1.1. Experimental setup

For the salt-pan experiments, the SOA precursors were introduced into the Te�on chamber

using the impinger method. Inside the Te�on chamber, a salt pan was installed by N.

Balzer and S. Bleicher from the Atmospheric Chemistry Research Laboratory. A mixture
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5. Simulated natural processing

of 100 g sodium chloride and 33 mg sodium bromide with a relative humidity of 60 % was

distributed on the pan and served as a substrate for the halogen release.

SOA from catechol and α-pinene was formed in the dark for 30 minutes, before the solar

simulator was switched on and halogen release takes place. SOA from guaiacol had to be

formed in the presence of simulated sunlight because of a lack of reactivity towards ozone

without simulated sunlight. To generate the organic aerosols, 300 ppb of the precursors

were used. These low concentrations, compared to the experiments described above, were

necessary to avoid disturbance of the installed DOAS system.

For TPP-MS, ICR-FT/MS, and di�use-re�ectance UV/VIS spectroscopy, �lter samples

were employed. The ATR crystal used in the ATR-FTIR spectroscopic measurements was

coated by employing the electrostatic precipitator after one hour of processing of SOA with

the released halogens.

5.1.2. Aerosol size distribution

All aerosol size distributions derived from the salt-pan experiments exhibit a similar behav-

ior of the SOA, as described in section 4.2. A slight increase in the mean particle diameters

of the organic aerosols can be observed after about 60�100 minutes (Figure 5.1).

This e�ect is most pronounced for SOA from guaiacol, although no formation of a second

particle mode during the interaction could be observed. SOA from α-pinene exhibits �rst

an increase of the mean particle diameter, and after 30 minutes a sudden decrease. While

the root mean square deviation decreases, the mean particle diameter increases to values

above the expected ones, which have been obtained by extrapolation.

These changes of the aerosol size distributions of the di�erent model SOA are in good

agreement with the observed changes during the molecular halogenation studies (see section

4.2).
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5.1. Processing with halogens released from a simulated salt pan

Figure 5.1.: Evolution of the mean particle diameters of the organic aerosols during pro-
cessing with halogens released from a simulated salt pan. The solid line in-
dicates the expected evolution of the particle diameter without any halogen
interaction.

5.1.3. ATR-FTIR spectroscopy

Caused by the low precursor concentrations which had to be used to avoid disturbance of

the DOAS system, only few particles could be sampled onto the ATR crystal using the

method of electrostatic precipitation (see section 2.5.3). The resulting ATR-FTIR spectra

are shown in �gure 5.2.

For the molecular processing studies (chapter 4), a strong dominance of two absorptions

at about 1380 and 1305 cm−1 is visible in the vibrational spectra. The absorption of the

carbonyl ν(C = O) vibration decreases for SOA from catechol and guaiacol. Only SOA

from α-pinene exhibits a strong ν(C=O) at about 1705 cm−1.

All three SOA exhibit a rather medium to strong, broad absorption at about 720

cm−1and above. This absorption can be assigned to the ν(C−Cl) vibration and indi-

cates a possible halogenation of the organic aerosol. The shape of this absorption and

the fact that it has exactly the same position for all di�erent organic aerosols can be ex-

plained by a halogenation process involving only one speci�c halogen species reacting with

a structural or functional feature present in all three di�erent SOAs (e.g. carboxylic acids).
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5. Simulated natural processing

Figure 5.2.: ATR-FTIR spectra of SOA processed with halogens released from a simulated
salt pan: unprocessed SOA (solid lines), processed SOA (dashed lines).

Concluding from the observations concerning the molecular processing experiments, a

reaction of carboxylic groups and the subsequent formation of carbon-chlorine bonds is

likely. The formation of carbon-bromine bonds, which would result in absorptions between

600 and 650 cm−1, was not observed.

5.1.4. Optical properties

SOA processed by halogens released from the simulated salt pan (Figure 5.3) exhibits sim-

ilar UV/VIS spectra compared with the spectra derived from SOA processed by molecular

halogen species (see section 4.7).

To achieve detailed changes in the di�use UV/VIS absorption spectra, the di�erential

absorbance was calculated according to equation 4.1. All three SOA samples exhibit both

features observed for the molecular reaction with chlorine and bromine (Figure 5.4). An

increase of the di�erential absorbance is observed for all three di�erent model aerosols in

the spectral range around 250 nm. A decrease in dA is observed above 380 nm for all three
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5.1. Processing with halogens released from a simulated salt pan

samples, which is strongest for the processed SOA from catechol. Hence, a bleaching is

observed for all samples, which is strongest for the aromatic SOA from catechol.

Figure 5.3.: UV/VIS spectra of SOA processed with halogens released from the simulated
salt pan

Figure 5.4.: Changes in the di�erential absorbance dA due to the reaction of the organic
aerosols with halogens released from the simulated salt pan
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5. Simulated natural processing

5.1.5. Mass spectroscopy

While the assignment of thermal pyrolysis spectra to halogenated compounds was de�-

nite for SOA processed with molecular halogens, the interpretation of the temperature-

programmed pyrolysis mass spectra of SOA processed with halogens released from the salt

pan is less de�nite. This is caused by the insu�cient concentration of organic aerosols in

the Te�on chamber. Therefore, the identi�cation of the isotopic ratios is not as certain as

for the molecular processed organic aerosols (see section 4.5).

Strong peaks for the ratio 37M/35M of the masses are observed for all organic aerosols

(Figure 5.5). These peaks do not correlate with chlorine released from the samples because

the related isotopic ratio is wrong. Although the recording of the TPP-MS spectrum

of SOA from catechol was disturbed by a rapid release of gaseous species at about 520

◦C and a corresponding pressure increase, the increase in the 37M/35M ratio is visible at

the beginning of this process.

The calculated chlorine ratio of 0.33 can only be found at low temperatures. SOA from

catechol and guaiacol exhibit values close to the expected ratio between 150 and 400 ◦C.

A more temperature-stable peak at about 400 ◦C is found for SOA from α-pinene. More

weakly bound bromine species are observed in all three TPP-MS spectra below 200 ◦C.

The acquisition of ultra-high-resolution mass spectra of SOA processed with halogens

released from the salt pan was impeded by matrix e�ects and the low organic aerosol

content of the samples. Thus, only the calculated percentage of CHOCl- and CHOBr-

containing species relative to the CHO�containing species is presented in table 5.1. Due to

the fact that not the total mass range was evaluated, the presented amounts of halogenated

compounds in table 5.1 give only hints at the halogenation processes which have taken

place. Nevertheless, organic aerosols interacting with gaseous halogen species released from

the salt pan contain high amounts of halogenated organic compounds. In contrast to the

molecular halogen experiments, chlorination seems to be more important than bromination.
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5.1. Processing with halogens released from a simulated salt pan

Up to 52 % of chlorinated compounds in relation to 100 % of unhalogenated compounds

could be measured in organic aerosol from guaiacol.

Figure 5.5.: TPP-MS spectra of the SOA processed by halogens released from the salt pan:
masses 35, 37, 79 and 81, representing 35Cl, 37Cl, 79Br, and 81Br, and the
calculated mass ratio to determine thermal regions were the expected isotopic
ratios can be found

Table 5.1.: Percentage of halogenated compounds of SOA processed with halogens re-
leased from the salt pan

Elemental composition of molecules SOA catechol SOA guaiacol SOA α-pinene

CHO 100 % 100 % 100 %

CHOCl 46 % 52 % 32 %

CHOBr 23 % 23 % 40 %

5.1.6. In�uence of organic aerosols on halogen release mechanisms

While organic aerosols are strongly in�uenced by halogens released from the simulated salt

pan, the halogen release mechanism itself is also strongly in�uenced. The modi�cation of

the ozone depletion and BrO formation is demonstrated for SOA from catechol in �gure

5.6.
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5. Simulated natural processing

Figure 5.6.: In�uence of SOA from catechol on the mechanism of halogen release from the
salt pan (with kind permission of N. Balzer and J. Buxmann)

While the mechanism of halogen release from the salt pan causes a rapid ozone depletion

and corresponding BrO formation, the organic aerosols inhibit this process. Ozone deple-

tion is slowed down, and only less than 10 % of BrO of the expected BrO is observed.

While normally also chlorine is observed (data not presented), no free chlorine could be

observed in the presence of organic aerosols.

5.2. Processing with halogens released from simulated

sea-salt aerosol

5.2.1. Experimental setup

For the sea-salt aerosol experiments, the SOA precursors were introduced into the 700

L aerosol smog chamber using the impinger method. Aerosol was preformed at 0 % relative

humidity, under simulated sunlight and using ozone. After 30 minutes, the solar simulator

was switched o� and simulated sea-salt aerosol was added to the smog chamber by using

the internal nebulizer described in section 2.9. A solution of 5 gL−1 sodium chloride and
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5.2. Processing with halogens released from simulated sea-salt aerosol

25 mgL−1 sodium bromide in double-distilled water was used to generate the simulated

sea-salt aerosol according to Siekmann (2008). This solution was nebulized until a relative

humidity above 80 % was measured in the 700 L smog-chamber. The solar simulator was

switched on again when the nebulization of the sea-salt aerosol was completed.

All experiments were performed at two di�erent SOA precursor concentrations of 1 ppm

and 300 ppb. After one hour of processing of SOA by halogens released from the sea

salt aerosol, �lters samples were taken for TPP-MS, ICR-FT/MS and di�use-re�ectance

UV/VIS spectroscopy, and the ATR crystal was coated.

5.2.2. Aerosol size distribution

All organic aerosols are characterized by the appearance of two particle modes, one from

the organic aerosols and a second one from the sea-salt aerosol. At the beginning of the

experiments, the size of the organic aerosol particles is in the typical range of 100 to 120

nm. The inorganic salt aerosol added later exhibits much larger particle diameters between

500 and 600 nm (Figure 5.7).

Figure 5.7.: Evolution of the mean particle diameters of the organic aerosols and the sea-
salt aerosol during the halogen-SOA interaction
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5. Simulated natural processing

All organic aerosols exhibit an increase in the mean particle diameter. An increase in

diameter is also observed for the inorganic salt aerosol. The increase in diameter of the

salt aerosol particles is caused by an increase in relative humidity in the aerosol smog

chamber. The reason for the increase in particle diameter of the organic aerosol can not

be determined clearly. It is either caused by the water content or by the halogen-SOA

interaction.

5.2.3. ATR-FTIR spectroscopy

Caused by the high mass of inorganic aerosol on the ATR crystal, the infrared spectra of

the processed SOA exhibit only few spectral details. All spectra are dominated by very

strong absorptions at 1360 and 1403 cm−1 (Figure 5.8).

Figure 5.8.: ATR-FTIR spectra of SOA processed by halogens released from the simulated
sea-salt aerosol

The ν(C =O) vibration at 1720 cm−1 is very weak; the same is true for the ν(C =C)

stretching vibration at 1605 cm−1 in case of the aromatic aerosols. Absorptions at 776 and

740 cm−1 indicate the formation of halogenated species containing chlorine. The ν(C−Cl)

in the infrared spectra is a good indicator for these compounds.
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5.2. Processing with halogens released from simulated sea-salt aerosol

A de�nite assignment of the absorptions in the �ngerprint region is impossible. While

bands at 1360 and 1403 cm−1 are reported for the molecular experiments and even the

salt-pan experiments, the shape of the absorption at 1360 cm−1 is very unusual. Further,

no absorption was observed at 1403 cm−1 in other studies. A detailed characterization of

this band is not possible based on the limited data available.

5.2.4. Optical properties

Sodium chloride strongly contributes to the UV/VIS spectra by increasing the absorption

close to 200 nm. Hence, the relative absorbances of the spectra are hardly comparable

and thus a calculation of a di�erential absorbance dA does not make sense. The di�use-

re�ectance UV/VIS absorption spectra are shown in �gure 5.9.

Figure 5.9.: Di�use-re�ectance UV/VIS spectra of the three di�erent model aerosols after
reaction with halogens from the sea-salt aerosol

5.2.5. Mass spectroscopy

The temperature-programmed pyrolysis mass spectra are disturbed by the high inorganic

salt content. All TPP-MS spectra exhibit strong peaks at about 620 ◦C for NaBr. Other

peaks, which would allow the calculation of isotopic ratios, are not visible (Figure 5.10).

119



5. Simulated natural processing

Figure 5.10.: Temperature-programmed pyrolysis mass spectra of the SOA-sea-salt inter-
action

Table 5.2.: Percentage of halogenated compounds of SOA processed with halogens re-
leased from sea-salt aerosol

Elemental composition of molecules SOA catechol SOA guaiacol SOA α-pinene

CHO 100 % 100 % 100 %

CHOCl 72-78 % 73-94 % 73-89 %

CHOBr 21-25 % 27-94 % 15-20 %

The ultra-high-resolution mass spectra exhibit strong matrix e�ects and therefore a weak

signal-to-noise ratio. The percentage of halogenated species compared to the not halo-

genated species is shown in table 5.2. In general, the formation of chlorinated compounds

in the aerosol particulate matter is more important than the formation of brominated

species.
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6. Discussion and conclusions

6.1. Characterization of SOA models

The detailed physicochemical characterization of the chosen model aerosols is a prerequisite

to understand the complex in�uences due to the heterogeneous reaction with halogen

species, especially for the smog-chamber experiments, where an in-situ study of the changes

in physicochemical properties of the aerosol is often hampered by a lack of instrumentation,

available methods, or matrix e�ects.

6.1.1. SOA formation and characterization

The aliphatic SOA from α-pinene was chosen for two reasons. Particle formation from α-

pinene oxidation has already been studied and reported in the literature. Furthermore, a

characterization of the aerosol in the smog chamber (700 L glass chamber, see section 2.1.1)

was possible by comparing reported results with obtained data, as explained in section 3.2.

The SOA formation from α-pinene is characterized by a facile preparation in the aerosol

smog chamber due to the high volatility of the precursor, and the very fast particle for-

mation process. On the other hand, this fast formation process causes methodical and

experimental problems. On-line spectroscopic methods, like long-path absorption FTIR

spectroscopy (see section 2.5.1), or measuring the evolution of the aerosol size distribution

(see section 2.3), fail because the formation process is faster than the temporal resolu-

tion of the chosen methods. Hence, the evolution of the nucleation mode or the carbonyl
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stretching region could not be observed without the aid of other methods that allow a

higher temporal resolution (e.g. aerosol �ow reactors, see section 2.2 and 3.2.3).

Another problem is caused by the high volatility of the precursor, resulting in a compar-

atively high volatility of the components of the aerosol particulate matter. Thus, vacuum-

dependent methods, which are used to characterize functional groups, fail (see section

3.2.4). The TPP-MS method is suitable for macromolecular aerosols with a comparatively

low volatility, and it therefore fails for SOA from α-pinene.

The very high yields of SOA from α-pinene allow to sample high amounts of particulate

matter for o�-line methods.

Under the chosen experimental conditions, SOA from α-pinene does not exhibit strong

changes. Only few changes had been observed in the ATR spectra (section 3.2.4) and the

di�use UV/VIS spectra (section 3.2.5).

In contrast to the aliphatic α-pinene, catechol and guaiacol were chosen as precursors for

aromatic aerosols. This combination of three model aerosols, which di�er in their structural

elements and therefore in the evolution of functional groups and macromolecular structure,

allows to assign the in�uence of halogen species on di�erent features.

SOA from catechol or guaiacol typically exhibits small particles at the chosen experimen-

tal conditions, with diameters between 40 and 90 nm, assembled in a very fast formation

process. The yields, though, seem to be much lower than observed for SOA from α-pinene.

Environmental conditions like solar radiation or relative humidity in�uence SOA from

catechol and guaiacol more strongly than SOA from α-pinene. Not only physical properties

like aerosol size distributions or formation yields are changed, but also chemical properties

like the total amount of oxidized sites as well as the amount and types of functional

groups. The presence of simulated sunlight or variation of relative humidity results in

various amounts of degrading structural elements, as revealed by di�erent intensities of

aromatic ν(C = C) and ν(C−H) stretching vibrations, and pronounced oxygen-containing

functional groups, which shifts the position of ν(C = O) vibrations.
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6.1. Characterization of SOA models

Light absorption of those organic particles ranges up to 600 nm into the visible region

and declines very smoothly. Thus, derived SOA samples are colored light brown. This

optical feature indicates absorption processes related to conjugated structures with a large

variety of chemically bound oxygen.

The chemical transformation from the gaseous precursor to the �nal aerosol particle is

characterized by the formation of di�erent functional groups and the disappearance of well-

de�ned structural elements of the entire benzene ring. The aromatic or ole�nic structural

element still persists in the aerosol particle.

Therefore, SOA from the aromatic precursors catechol and guaiacol exhibits, in contrast

to SOA from α-pinene, properties like a high absorbance in the visible spectral range, an

aromatic or ole�nic structure, and the formation of highly oxidized functional groups. Due

to these properties, SOA from catechol and guaiacol might serve as a model aerosol for

atmospheric HULIS, as described in detail in the following section.

6.1.2. HULIS-like behavior of SOA from catechol and guaiacol

SOA from catechol and guaiacol provide several features similar to natural and synthetic

HULIS and commercial proxies, as discussed above. Especially the high molecular weight,

caused by the aromatic system, and the polycarboxylic acidic functionality matches those

properties. Also the most signi�cant reported group frequencies are well comparable to

those of humic acids, natural HULIS, and other model HULIS.

The di�erence between the observed H/C values and the reported values for atmospheric

HULIS is explained by the absence of aliphatic side chains in the SOA from catechol and

guaiacol. Thus, SOA from these precursors represent the aromatic and ole�nic oxidized core

structure of atmospheric HULIS very well. Only saturated aliphatic parts of atmospheric

HULIS are not represented. SOA from catechol or guaiacol is located in the nC/OSC-

diagram close to WSOC, but also exhibits higher carbon oxidation states (see �gure 6.1).

This type of SOA is characterized by a high degree of functionalization and oligomerization.
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Figure 6.1.: Classi�cation of SOA from catechol or guaiacol in the nC/OSC-diagram

Especially infrared-spectroscopic results con�rm this view. ATR-FTIR spectra of SOA

from catechol and guaiacol exhibit absorptions reported for natural HULIS and accepted

proxies like SRFA. Long-path FTIR spectroscopy and aerosol �ow-reactor studies char-

acterized the evolution of the carbonyl stretching region, which appears similar to that

reported from HULIS.

The carbonyl and aromatic stretching regions between 1600 and 1800 cm−1 are domi-

nated by two bands at 1620 and 1716 or 1740. These absorptions are reported for SRFA

and for natural HULIS by Salma et al. (2010). Especially the carbonyl stretching vibration

at 1716 cm−1 observable for SOA from catechol formed in the dark was found in BBOA

by these authors.

The most important functional groups of SOA from catechol and guaiacol seem to be

carboxylic acids, carboxylic anhydrides, and lactones or esters, indicated by ATR absorp-

tions at 1317 and 1295 cm−1. The presence of these groups is con�rmed by temperature-

programmed pyrolysis mass spectroscopy. These groups have been reported for a natu-

ral aerosol at a rural site with an aromatic content of 17 % (Coury and Dillner, 2009).

Samburova et al. (2007) report high carboxylic and arylic fractions in HULIS samples.

Aromatic acids with high molecular weights were found by Stone et al. (2009) to correlate
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6.1. Characterization of SOA models

well with HULIS. Carboxylic acids and their modi�cations are commonly found in natural

HULIS, biomass burning aerosol, and water-soluble organic carbon (WSOC) (Limbeck and

Puxbaum, 1999; Salma and Lang, 2008; Kundu et al., 2010; Kumagai et al., 2010).

Sun et al. (2010) report dimer formation based on C−O or C−C bond formation. The

ATR-FTIR spectra of SOA from catechol and guaiacol measured in this study exhibit also

hints at the formation of carboxylic acid dimers.

In principle, all spectra of natural HULIS look rather similar, which is not surprising

since these are mixtures of highly oxidized organic compounds. Small di�erences in band

positions and relative intensities are related to the particular sampling site and the history

of the aerosol.

The main group frequencies of SOA (ν(O−H), ν(C =O), ν(C =C)aromatic, ν(C−O)

of carboxylic acids and of ethers) from catechol and guaiacol are compared with natural

HULIS extracts (Polidori et al., 2008; Duarte et al., 2005), SRFA (Graber and Rudich,

2006), fulvic acids from soil samples (Stevenson and Goh, 1971), humic and fulvic acids

from peat samples(Baes and Bloom, 1989), as well as tannic acid, which is a previously

reported model compound (Cowen and Al-Abadleh, 2009).

In general, the assignment of the main characteristic group frequencies was done in

the same way as reported in literature (see table 6.1). Only few discrepancies occurred

during the assignment, which are marked in the table. However, in two studies (Polidori

et al., 2008; Stevenson and Goh, 1971) the absorption at about 1620 cm−1, which is also

present in all spectra, has been interpreted as an additional ν(C =O) absorption. Based

on the reported long-path absorption spectra of SOA from catechol and guaiacol, and

according to Graber and Rudich (2006) and Cowen and Al-Abadleh (2009), an assignment

to ν(C=C) seems to be the more comprehensible interpretation. Infrared bands of amides,

which were observed in the spectra of some �eld samples, can not be found in our lab

studies, since nitrogen-containing compounds are absent, which was con�rmed by ultra-

high-resolution mass spectroscopy. While the main absorptions are in excellent agreement

with the literature, di�erences among all �ve studies occur only in the assignment of
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6. Discussion and conclusions

ν(C−O) of the carboxylic acids. The reason for this might be the di�erent degree of

dissociation of the carboxylic acids or a potential hydrogen bonding, depending on the

environmental conditions.

SOA from catechol or guaiacol can be prepared in an aerosol smog chamber very easily.

Other model compounds for atmospheric HULIS need complex preparation techniques.

Commercial HULIS proxies, like SRFA, can only be used by ultrasonically nebulizing or

atomizing their solutions. Synthetic SOA from catechol and guaiacol produced in aerosol

smog-chamber experiments meet the physicochemical characteristics of HULIS better than

SRFA according to the analytical results, and can be used as atmospheric model substances

for HULIS in laboratory experiments, except for the missing aliphatic side chains.
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6. Discussion and conclusions

6.2. Halogenation of SOA using molecular halogen species

Studying the heterogeneous reaction of the well-de�ned model aerosols with molecular

halogens photolyzed by the UV/VIS irradiation of the solar simulator gave access to the

understanding of speci�c pathways of transformation with respect to the physicochemical

properties.

In general, halogens in�uence several properties of organic aerosols, but di�erent SOA

exhibit di�erent transformations. The reactions are depending on the SOA precursor and

thus on the chemical composition of the organic aerosol, but also on the halogen species

and also the experimental conditions, which can even change the predominant halogenated

species (da Rosa and Zetzsch, 2001).

Organic aerosols are strongly in�uenced with respect to their aerosol size distributions.

Chlorine species cause a strong increase of the mean particle diameters, and in the case of

weakly bonded ethers, the formation of a second mode has been observed. The term aerosol

must in this case be used according to its exact de�nition: particles and their surrounding

gas phase, which contains, in addition to the common atmospheric gas-phase species, also

volatile oxidation products of the aerosol formation process. This is especially important

for aerosol smog-chamber studies, where particles and gas phase can be separated from

meteorological e�ects. Therefore, the increase in particle diameter can be explained by

the formation of low-volatile species from the surrounding gas phase, condensing onto

the already present particles. Due to this e�ect, atmospheric halogen species might also

exhibit an aerosol-formation potential as soon as the oxidation capacity of the atmosphere

is not high enough to produce further low-volatile compounds. The e�ect of bromine

species on the aerosol size distributions is weaker than observed for chlorine. On the other

hand, bromine is able to reduce the mean particle diameter, as observed for SOA from

α-pinene. This e�ect can be explained by halogen species not only forming new low-

volatile compounds, thus contributing to existing particles or forming new particles, but

also changing the chemical structure of the particulate matter itself.
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6.2. Halogenation of SOA using molecular halogen species

The last statement is underlined by the observation of the formation of various gaseous

species due to the interaction of halogens with organic aerosols. Long-path absorption

spectra indicate the formation of additional amounts of CO2, CO, and HCl or HBr. At

the same time, a decrease in ν(C−H)aromatic and ν(C−H)aliphatic of the particle phase was

observed. Thus, C−H bonds are destroyed. This is known to be the case for the reaction of

chlorine with aliphatic compounds, but also bromine species show this behavior. Therefore,

the observations might be explained by the reaction of BrO or HOBr with C−H bonds.

The spectra of the particulate matter of the organic aerosols itself also exhibit strong

changes. While the carbonyl ν(C=O) is the most dominant vibration of the unprocessed

aerosols, this vibration is less important after the reaction with halogens. This decrease

can also be observed for the ν(C = C) of the aromatic aerosols. The ν(C−Cl) and the

ν(C−Br) stretching vibrations indicate the presence of halogenated compounds, even

though the assignment of the vibrations to speci�c compounds was not possible. Also

ν(O−Cl) (Evans et al., 1965) and spectral features of structural elements (Socrates, 1980)

can be found in this spectral region. Most dominant are bands observed at about 1370 and

1300 cm−1. The assignment of those absorptions is di�cult. Based on the observation that

these bands are observed for halogenation processes with chlorine as well as with bromine

at the same position, the in�uence of a functional group or a structural element is more

likely than the formation of a halogenated compound. Therefore, a link of these absorptions

with carboxylic acids, carboxylic acid salts or derivates is likely but not con�rmed.

The transformations of the particulate matter also a�ect the optical properties of the

aerosols in the UV/VIS spectral range. While the reaction with chlorine causes a bleaching

of the particles, the reaction with bromine causes a higher absorbance towards higher

wavelengths � the particulate phase appears "golden".

The presence of halogenated compounds in the particulate matter of the organic aerosols

is con�rmed by mass spectroscopic methods used in this study. High amounts of bromi-

nated and chlorinated compounds could be identi�ed using ultra-high-resolution mass spec-

troscopy.
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6. Discussion and conclusions

Based on the fact that the particle diameter increases during the reaction of SOA with

halogens, which appears to be coupled to a decrease of the saturation vapor pressure,

halogenated SOA is located at low vapor pressures and over a wide range of O/C ratios

in the O/C-diagram (Figure 6.2(a)). Furthermore, the processed organic aerosol exhibits

high carbon oxidation states and a wide range of carbon atoms per macromolecule (Figure

6.2(b)).

(a) Halogenated SOA in the O/C-diagram

(b) Halogenated SOA in the nC/OSC-diagram

Figure 6.2.: Halogenated SOA in di�erent currently used diagrams
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6.3. Comparison of the results of natural halogenation

processes to the molecular processing study

To obtain details on possible natural halogenation processes involving organic aerosols,

the model aerosols were exposed to natural systems which are known to release gaseous

halogen species. The complex data obtained from these systems exhibit strong matrix

e�ects, which hamper the detailed interpretation of the data sets. Thus, the results of the

molecular processing studies were used to identify physicochemical changes related to the

organic aerosols.

Results from the interaction of organic aerosols with halogens released from the simulated

salt pan can be compared quite well to the observed molecular processing. A similar

increase of the particle diameters is observed. ATR infrared spectra exhibit the same

spectral features. The optical properties in the UV/VIS spectral range are comparable to

the observed spectra from the molecular experiments and redshifts as well as blueshifts are

both visible. Although the mass spectra exhibit a poor signal-to-noise ratio, the formation

of halogenated compounds seems to be con�rmed for the particulate matter.

The interpretation of results of the sea-salt aerosol interaction experiments is more di�-

cult. The increase in mean diameter in the aerosol size distribution is also observed for the

organic aerosols, but this increase is observed for the sea-salt aerosol as well, and might

also be related to the very high water content of the system. At detailed interpretation

of the optical spectra is hardly possible due to the strong in�uence of the salt matrix.

Statements on the degree of halogenation based on mass spectra are more di�cult than

for the salt-pan aerosol, because the collected �lter samples contain also halogens from the

salt matrix which are present as an aerosol. For this system, the halogenation process of

the organic aerosols could not be determined.

In general, the investigation of the transformation of physicochemical features of the

organic aerosols led to the �rst steps of an understanding of the complex processes involved.
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6. Discussion and conclusions

A detailed understanding was not achieved at the present time, as it would require more

molecular-based techniques to analyze the processes.

6.4. In�uence of natural halogen species on organic aerosols

A strong in�uence of atmospheric halogen species on organic aerosols is indicated by the

performed aerosol smog-chamber experiments. Several parameters used to characterize the

model aerosols are changed by the halogenation process. These changes are depending on

the particular aerosol as well as on the halogen source. The chemical composition of the

organic aerosols determines the details of the changes. Hence, no general "road map" for

atmospheric halogenation processes could be identi�ed.

A simpli�ed scheme, summarizing possible e�ects of halogens on di�erent SOA, is given

in �gure 6.3. Depending on the kind of SOA and the halogen source, the change in the

aerosol size distribution can be observed. The chemical transformation and the related

change in optical properties are indicated by the change in the color of the halogenated

organic aerosols (haloSOA). The possible formation of secondary particles from the reacted

SOA (SSOA) is indicated. Further, the main identi�ed gaseous species released from the

aerosol are speci�ed.

The reaction of organic aerosols with halogens from natural sources is con�rmed by the

in�uence of organic particles on the halogen release-mechanisms themselves, as reported

in section 5.1.6.

Halogens take part in the aging process of organic aerosols (Figure 6.4). Based on the

results of the present study, interactions occur in the gas phase as well as in the particle

phase. The gas-phase halogenation generates additional low-volatile compounds, which

condense onto the existing particles. Furthermore, the halogenation process releases simple

gaseous molecules. The decrease in vapor pressure can also lead to new particle formation,

caused by the halogenation of the SOA precursor or the oxidized SOA precursor. Therefore,
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6.4. In�uence of natural halogen species on organic aerosols

halogens can interact in ways with organic molecules (possible SOA precursors) similar to

those suggested in the current literature on nucleation and aging (Kroll et al., 2011).

Figure 6.3.: Simpli�ed scheme summarizing possible e�ects of halogens on secondary or-
ganic aerosols: transformation of SOA to haloSOA and formation of gaseous
species and secondary SOA (SSOA).

Figure 6.4.: In�uence of halogens on the nucleation process and aging of SOA
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6.5. Applicability of aerosol smog-chamber studies and

physicochemical methods

Finally, a discussion on the applicability of aerosol smog-chamber experiments for deter-

mining heterogeneous reaction schemes based on physicochemical methods is added.

While the experimental setup of an aerosol smog chamber is the most realistic approxi-

mation of environmental conditions, obtaining detailed physicochemical information on a

molecular scale is very di�cult or in some cases nearly impossible. A most complex chemi-

cal system, especially with regard to heterogeneous processes involving organic aerosols, is

inherent according to the most realistic setup of a smog chamber. A detailed investigation

of those processes is only possible by splitting the complex reaction scheme into smaller

and simpler parts, and comparing the results of those model experiments with the overall

process. Other experimental setups, such as aerosol �ow reactors and vacuum reaction

cells coupled with spectroscopic methods, are able to provide more insight into chemical

processes on a molecular scale.

Apart from the di�cult access to the physicochemical parameters of the reaction of

interest, aerosol smog chambers pose another problem resulting from the small amount

of samples which could be obtained from a smog-chamber run depending on the chosen

concentrations. While these concentrations should be as realistic as possible in comparison

with natural conditions, the available amount of gaseous or particulate samples is limited

by this precondition. In contrast to remote sampling, the amount of sampled gaseous and

particulate matter is limited by the volume of the aerosol smog chamber. Furthermore,

the removal of particles by sedimentation and di�usion to the chamber walls is depending

on the surface-to-volume ratio and the geometry of the chamber (for further details on this

topic, see Crump and Seinfeld (1980); Crump et al. (1983)). Thus, the maximum time to

study aerosols in an aerosol smog chamber is limited by these parameters.

While up-to-date methods, like aerosol mass spectroscopy, have been developed to han-

dle those low concentrations, the methods used for this study, which belong to the classical
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methods for the structure determination of chemical compounds, are hampered due to the

fact that still a rather high amount of sample is needed to obtain the desired physicochem-

ical information. On the other hand, these methods allow a deep insight into the chemical

nature of organic aerosols and the involved heterogeneous reactions.
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